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ABSTRACT 


The  energy  transfer  associated  with  the  reacting  flow  of 
pyrolysis  products  through  the  char  layer  of  a low  density  nylon- 
phenolic  resin  charring  ablator  was  studied  experimentally  and 
theoretically.  It  was  found  that  a non-equilibrium  flow  model, 
employing  finite  reaction  rate  data  for  the  important  reactions 
among  the  pyrolysis  products,  was  necessary  to  accurately 
describe  the  energy  transport  within  the  char.  The  important 
reactions  and  kinetic  data  for  a temperature  range  of  500° 
to  3000° F,  with  experimental  simulation  to  2300° F,  were  determined 
and  incorporated  into  the  mathematical  model,  called  the  TEMPRE 
System.  This  model,  in  conjunction  with  experimental  results 
obtained  in  a Char  Zone  Thermal  Environment  Simulator,  were 
used  to  clearly  show  the  shortcomings  of  the  limiting  cases  of 
frozen  and  equilibrium  flow  in  predicting  the  true  behavior 
within  the  char  layer. 

A comparison  of  the  experimental  data  obtained  using  low 
density,  nylon-phenolic  resin  chars  was  made  with  the  results 
obtained  using  graphite  as  a simulated  char.  The  non-equilibrium 
flow  model  accurately  predicted  energy  transport  in  the  graphite 
medium  using  the  same  important  reactions  and  kinetic  data 
developed  for  flow  through  chars.  This  conclusion  was  needed 
to  justify  the  use  of  graphite  for  the  measurement  of  carbon 
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deposition  from  methane  and  phenol,  and,  in  the  catalyst 
evaluation  studies. 

Carbon  deposition  and  decomposition  product  distributions 
were  determined  for  methane  and  phenol  using  carbon- 14  tracers. 
The  product  distributions  were  helpful  in  providing  additional 
evidence  that  the  chemical  reactions  included  in  the  model  were 
correct.  The  identified  products  of  methane  and  phenol  thermal 
decomposition  were  carbon  monoxide,  carbon  dioxide,  methane, 
ethylene,  acetylene  and  phenol.  Carbon  deposition  measurements 
within  the  char  layer  were  used  to  locate  the  temperature  where 
chemical  reactions  among  the  pyrolysis  products  became  signifi- 
cant. In  general,  deposition  was  greatest  near  the  front 
surface  where  the  temperature  varied  between  1800  - 2300° F. 

The  above  results  were  also  used  in  the  catalyst  evaluation 
studies.  The  introduction  of  a catalyst  into  the  pyrolysis 
product  stream  (homogeneous)  or  as  a coating  on  the  graphite 
(heterogeneous)  was  made  in  order  to  accelerate  reaction  rates 
and  have  them  occur  at  lower  temperatures.  This  resulted  in  a 
higher  energy  absorption  by  the  pyrolysis  products.  Bromine 
(homogeneous)  had  an  excellent  activity  for  this  by  lowering 
the  temperature  at  which  reactions  start  from  about  1900°F  to 
about  1500°F.  This  effect  was  also  measured  by  comparing  the 
experimental  exit  gas  compositions  with  the  compositions  cal- 
culated by  the  non-equilibrium  flow  model  using  conventional 
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non-catalytic , kinetic  data.  The  relative  difference  in  these 
values  was  a good  measure  of  the  extent  of  chemical  reaction 
resulting  from  the  addition  of  the  catalyst  into  the  system. 

Molybdenum  and  tungsten  co-catalysts  (heterogeneous) 
had  essentially  no  effect  in  accelerating  chemical  reactions 
within  the  char.  The  slightly  different  carbon  deposition 
profiles  obtained  were  not  within  experimental  accuracy  to 
conclusively  indicate  a beneficial  increase  in  the  rate  of 
chemical  reactions.  Platinum  catalyst  was  also  tested  but  it 
showed  no  activity  for  accelerating  the  chemical  reactions. 

It  is  known  that  platinum  is  poisoned  by  carbon  monoxide, 
and  this  is  present  in  the  pyrolysis  products. 

In  addition  to  the  above,  the  air  oxidation  of  nylon- 
phenolic  resin  chars  was  studied  to  determine  the  rate  of 
oxidation  of  the  char  with  distance  from  the  front  surface. 

The  maximum  rate  was  obtained  with  air  flowing  from  the 
heated  front  surface  through  the  char  and  leaving  the  rear 
surface.  There  was  no  flow  of  pyrolysis  products.  With  a 
front  surface  temperature  of  2047°F  and  an  air  mass  flux  of 
0.035  lb/ft^sec  an  81%  conversion  of  oxygen  was  obtained. 

The  gas  leaving  the  back  surface  contained  4.07>  0£ ° This 
indicated  that  oxidation  was  taking  place  at  all  depths 
within  the  char,  and  this  was  confirmed  with  a non-equilibrium 
flow  calculation. 
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I.  INTRODUCTION 


The  Nature  of  Aerodynamic  Heating  During  Planetary  Reentry 

One  of  the  most  serious  problems  encountered  when  space 
vehicles  reenter  a planetary  atmosphere  is  aerodynamic  heating. 
Typical  reentry  velocities  for  various  Earth  orbital  missions  are 
listed  in  Table  1-1,  Before  a manned  spacecraft  can  land  safely, 
these  speeds  must  be  reduced  to  conventional  aircraft  speeds. 

This  can  be  accomplished  by  applying  a reverse  thrust  or  by  taking 
advantage  of  the  frictional  resistance  of  the  atmosphere.  Since 
the  return  velocity  is  of  the  same  magnitude  as  the  launch  velocity, 
the  reverse  thrust  method  requires  the  same  quantity  of  fuel  for  the 
reentry  phase.  This  doubles  the  fuel  requirement  for  the  mission 
and  makes  the  added  weight  to  the  system  prohibitive.  Hence,  it  is 
more  efficient  to  use  the  aerodynamic  braking  method  to  reduce  the 
vehicle  speed  to  a safe  level  (1,2,3). 

A high  speed  orbiting  vehicle  possesses  a large  amount  of 

1 2 

kinetic  energy  (K.E.  = mV  ) . In  aerodynamic  braking,  this  energy 
is  converted  to  heat  as  the  body  descends  through  the  resisting 
atmosphere.  In  Table  1-1  the  kinetic  energy  (per  unit  weight) 
possessed  by  a vehicle  at  various  orbital  altitudes  above  the  Earth 
is  also  listed.  For  example,  a 5000  pound  vehicle  having  an 
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initial  reentry  velocity  of  26,000  feet  per  second  must  convert 
67,500,000  BTU  of  kinetic  energy  to  heat.  Consider  a vehicle 
that  is  constructed  of  structural  steel  having  a specific  heat 
of  0.117  BTU  per  pound  per  degree  Fahrenheit.  If  a temperature 
increase  of  1150° F is  attained,  the  maximum  amount  of  heat 
that  is  absorbed  is  675,000  BTU,  or  one  percent  of  the  total 
heat  generated.  It  is  evident  from  this  example  that  only  a 
small  fraction  of  the  thermal  energy  can  be  permitted  to  reach 
the  vehicle  without  causing  destructive  effects.  The  remaining 
large  fraction  (99  percent)  must  be  transferred  to  the  surrounding 
atmosphere  by  the  proper  selection  of  the  vehicle  shape  and 
materials  of  construction  (1,3). 

There  are  two  general  classifications  of  body  configura- 
tion used  in  ballistic  reentry  design  (3, 4, 5, 6):  the  slender 

body  and  blunt  body  configurations  * The  slender  body  shape 
causes  a minimum  aerodynamic  drag  condition  with  only  slight 
disturbance  of  the  air  flow.  A typical  low  drag,  high  speed 
shape  is  shown  in  Figure  1-1  with  the  associated  flow  field 
that  results.  This  shape  produces  a weak,  attached  shock  wave 
with  a large  percentage  of  the  heat  generated  being  absorbed 
by  the  body.  The  use  of  slender  body  configurations  is  best 
suited  to  ballistic  missile  and  supersonic  flow  applications 
where  low  heating  loads  are  experienced  for  short  periods  of 
time . 

Since  reentry  of  space  vehicles  requires  a maximum  amount 
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of  energy  transfer  to  the  atmosphere,  the  blunt  or  high  drag 
configuration  is  more  applicable.  In  Figure  1-2  the  typical 
flow  field  characteristics  for  the  blunt  body  is  shown.  An 
extremely  strong,  detached  shock  wave  extends  well  beyond  the 
body.  A major  portion  of  the  energy  is  absorbed  by  the  air 
flowing  between  the  shock  wave  and  vehicle  surface  and  is 
carried  away  in  the  wake  behind  the  craft.  The  shock  layer 
becomes  progressively  hotter  during  the  course  of  reentry 
causing  dissociation  and  ionization  of  the  air.  This  results 
in  heat  transfer  by  conduction,  convection  and  radiation  to 
the  surface  of  the  vehicle.  Although  the  heat  absorbed  is  a 
small  portion  of  the  heat  generated,  the  relative  amount  is 
sufficient  to  produce  surface  temperatures  in  excess  of  6000°F. 
Therefore,  a thermal  protection  system  must  be  employed  to 
protect  the  vehicle  from  these  high  temperatures  and  heat  fluxes. 

One  possible  solution  is  to  provide  enough  structural  mass 

<Xr- 

to  safely  absorb  the  heat  (3,7).  However,  since  most  metals 
are  poor  heat  sinks,  this  method  would  result  in  extreme  weight 
penalties . 

Transpiration  cooling  is  a second  method  (8).  This  tech- 
nique protects  the  vehicle  by  injecting  a fluid  through  open- 
ings at  the  body  surface  into  the  boundary  layer.  The  injected 
fluid  blocks  heat  transfer  into  the  material  and  maintains 
a safe  temperature  at  the  space  cabin  wall.  This  method 


Figure  1-2.  Blunt  Body  Flow  Field 
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likewise  requires  additional  weight  such  as  equipment  to  pump 
and  regulate  the  flow  of  coolant;  and  as  a result,  it  is 
prohibitive  in  manned  reentry  applications. 

Other  methods  of  heat  protection  exist  (i.e.  convective, 
film  and  radiation  cooling)  but  the  most  successful  technique 
has  been  ablative  cooling  (7,9). 

Ablative  Thermal  Protection  of  Planetary  Reentry  Vehicles 

Ablative  cooling  is  similar  to  heat  sink  and  transpiration 
cooling  in  method,  but  it  is  drastically  different  in  the 
mechanisms  used  to  achieve  the  desired  results.  Ablation 
sacrifices  structural  stability  to  preserve  thermal  resisti- 
vity by  melting,  vaporizing  and/or  subliming  relatively  thin 
layers  of  the  material  at  the  surface.  Although  absorption 
of  heat  by  phase  change  is  the  distinguishing  feature  of  the 
process,  energy  dissipation  by  radiation,  conduction,  convection, 
transpiration  and  chemical  reaction  is  likewise  achieved  (7,10). 

Ideally,  an  ablative  material  must  possess  a low  thermal 
conductivity,  high  heat  capacity  and  large  heat  of  degradation 
to  effectively  restrict  the  extreme  temperatures  to  the  surface 
of  the  vehicle.  Success  has  been  achieved  employing  compositions 
of  nylon,  phenolic  resin,  silicon  elastomers  and  others.  A 
partial  list  of  the  many  different  materials  tested  for  use 
as  ablative  heat  shields  is  presented  in  Table  1-2  (5,9,14). 

There  are  two  kinds  of  ablative  protection  systems.  One 
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is  non-charring,  and  the  other  is  charring.  A non-charring 
ablator  is  one  in  which  the  material  vaporizes  into  gases  and 
enters  the  boundary  layer  counter  to  the  heat  flow.  This  counter 
flow  of  mass  effectively  blocks  heat  transfer  into  the  material 
and  protects  the  vehicle.  Teflon  (polytetraf luoroethylene)  is 
one  such  non-charring  compound  which  undergoes  chain  shortening 
steps  to  form  small  polymer  units  that  eventually  vaporize. 
Extensive  research  with  Teflon  and  other  non-charring  ablative 
materials  have  been  reported  over  a wide  range  of  applications 
(11,12). 

The  charring  ablator,  on  the  otherhand,  has  proven  to  be 
one  of  the  most  successful  heat  shields  for  reentry  heat  pro- 
tection. Being  a combination  of  plastics  that  decompose  to  a 
char  of  porous  carbon  and  low  molecular  weight  gases,  it 
protects  the  vehicle  by  conduction,  convection,  plastic 
decomposition,  transpiration,  endothermic  chemical  reactions 
of  the  pyrolysis  gases,  reradiation  from  the  char  surface,  and 
thickening  of  the  boundary  layer.  The  charring  ablator  is 
conveniently  divided  into  three  separate  zones  which  include  the 
plastic  decomposition  zone,  the  char  zone  or  layer,  and  the 
boundary  layer  as  shown  in  Figure  1-3. 

In  the  decomposition  zone  the  virgin  plastic  degrades  to 
char  and  low  molecular  weight  gases.  These  gases  flow  through 
the  char  zone  and  undergo  chemical  reactions  such  as  cracking, 
free  radical  formation  and  ionization.  A very  large  quantity 
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Uf  - velocity  of  the  flow  field 

u^  - velocity  at  the  boundary  layer  edge 
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q - convective  heat  transfer  to  the  char  surface 
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Figure  1-3.  Schematic  Diagram  of  the  Various  Zones  Developed 

During  Reentry  of  a Capsule 
Protected  by  an  Ablative  Heat  Shield* 
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of  heat  is  absorbed  by  these  predominantly  endothermic  reactions 
as  the  gas  temperature  increases  from  the  decomposition  zone  to 
the  char  surface.  These  hot  gases  are  then  injected  into  the 
boundary  layer  with  additional  absorption  of  heat  due  to  expansion 
and  further  chemical  reactions  (13,14,15). 

Energy  Transfer  in  the  Char  Zone  of  a Charring  Ablator 

Each  of  the  above  regions  has  been  the  subject  of  a sizeable 
research  effort,  and  various  types  of  mathematical  models  to 
describe  the  charring  ablator  process  have  been  developed. 

Previous  work  on  these  regions  is  discussed  in  the  susequent 
section  on  the  State  of  the  Art.  In  this  dissertation  an  effort 
is  made  to  obtain  a better  description  of  the  phenomena  taking 
place  in  the  char  zone.  An  accurate  description  is  needed  of  the 
energy  transfer  in  the  char  layer  and  the  species  compositions 
and  fluxes  entering  the  boundary  layer.  At  present  these 
variables  are  evaluated  by  considering  the  flow  to  be  either 
frozen  (no  reaction)  or  in  chemical  equilibrium. 

For  frozen  flow  the  lower  limit  on  the  energy  transfer  is 
computed  since  the  energy  absorbed  by  the  pyrolysis  products  is 
just  the  change  in  sensible  heat  as  these  gases  flow  through  the 
porous  char.  This  is  the  simplest  case  to  evaluate  mathemati- 
cally, and  the  classical  transpiration  cooling  solution  to  the 
energy  equation  is  applicable  (16). 

For  equilibrium  flow  in  the  char  zone  the  upper  limit  on 
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the  energy  transfer  is  obtained  since  chemical  reaction  rates 
are  infinitely  fast,  and  the  composition  of  the  pyrolysis 
products  only  vary  with  the  temperature  as  predicted  by  ther- 
modynamic equilibrium.  This  approximation  gives  the  maximum 
amount  of  heat  that  can  be  absorbed  since  the  reactions 
occurring  are  predominantly  endothermic.  The  mathematical 
description  of  this  case  is  more  detailed  than  for  frozen  flow 
since  an  additional  term  for  heat  absorption  by  chemical  reac- 
tion must  be  included  in  the  energy  equation.  Many  investiga- 
tors feel  this  model  would  more  accurately  describe  the  actual 
behavior  in  the  char  zone  since  the  reaction  rates  should 
be  very  fast  at  the  high  temperatures  encountered. 

For  a more  accurate  description  of  the  reacting  flow  in 
the  char  zone  the  kinetics  of  the  chemical  reactions  must  be 
included  in  solving  the  energy  equation.  The  solution  is  more 
complex  than  the  limiting  cases  because  compositions  of  the 
pyrolysis  products  must  be  calculated  from  the  reaction  rate 
expressions  which  are  differential  equations.  Of  all  the 
possible  reactions  that  could  occur  in  the  char  zone  within  the 
temperature  range  encountered,  the  ones  that  actually  occur 
must  be  selected  and  included  in  the  analysis. 

In  addition,  experiments  must  be  conducted  to  assure  the 
theoretical  model  accurately  predicts  the  energy  transfer  in 
the  char  zone.  This  can  be  accomplished  by  flowing  a mixture 
of  compounds  typical  of  the  actual  pyrolysis  gases  through  chars 
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formed  in  arc- jet  heaters.  The  chars  can  be  radiantly  heated 
to  simulate  the  surface  heating  during  reentry.  Gases  entering 
and  leaving  the  char  zone  can  be  analyzed  to  determine  the  extent 
of  the  reactions  taking  place  in  the  char.  Thus  the  accuracy 
of  the  mathematical  computations  can  be  assessed. 

Furthermore,  the  results  of  the  analysis,  referred  to  as 
the  non-equilibrium  model,  can  be  compared  with  the  limiting 
cases.  In  this  way  the  limitations  incurred  by  assuming  equi- 
librium or  frozen  flow  are  evaluated.  A detailed  investigation 
into  the  types  of  reactions  occurring,  the  amount  of  carbon 
deposition  taking  place  in  the  char  layer,  and  ways  to  make 
the  ablation  of  char  forming  materials  more  efficient  is 


determined . 
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II,  STATUS  OF  PREVIOUS  RESEARCH  ON  FLOW  IN  THE  CHAR  ZONE 


Research  and  development  of  ablative  heat  shields  for  space 
vehicles  can  be  placed  into  two  broad  catagories.  The  first 
involves  detailed  investigation  of  various  isolated  processes 
within  the  ablation  mechanism.  These  studies  include  the  flow 
of  pyrolysis  gases  through  porous  media  (1,2,3,4,5,6,7,8,9,10), 
plastic  decomposition  chemistry  (11,12,13,14),  boundary  layer 
interaction  with  the  char  surface  (15,16),  and  many  others 
(17,18,19,20,21).  The  second  category  covers  the  analysis  of 
the  transient  response  during  reentry  of  the  combined  heat  and 
mass  transfer  mechanisms  occurring  between  the.  heat  shield  and 
the  flow  field  (15,16,23).  Research  in  both  areas  is  essential 
in  the  development  of  effective  thermal  protection  systems. 

The  former  category  improves  the  accuracy  of  the  transient 
response  calculations,  while  the  latter  allows  for  more  efficient 
and  economic  design  of  the  ablative  heat  shields. 

This  research  describes  the  transport  phenomena  resulting  from 
the  flow  of  pyrolysis  gas  products  through  the  char  zone  of  a 
charring  ablator.  In  particular,  the  pyrolysis  products  are 
those  formed  by  the  thermal  degradation  of  nylon-phenolic 
resin  composites.  The  nature  and  extent  of  chemical  reaction 
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between  the  pyrolysis  products  and  the  char  zone,  along  with  the 
energy  absorbed  by  the  flow  in  this  zone,  are  of  major  interest. 
Likewise,  knoxtfledge  of  the  extent  of  carbon  deposition  resulting 
from  the  various  hydrocarbon  cracking  reactions  that  take  place 
is  important  in  developing  a realistic  model  to  predict  ablator 
performance . 

The  following  sections  will  discuss  some  of  the  typical 
transient  response  analyses  briefly,  and  related  work  to  flow 
in  the  char  zone  in  detail.  In  particular,  the  transient  analysis 
of  Kratsch,  e_t.  al.  (21),  Kendall,  et.  a_l.  (15)  and  Swann,  e_t.  al . 
(16)  will  be  reviewed  with  emphasis  on  the  analysis  of  the  char 
zone.  Subsequently,  a detailed  review  of  work  pertinent  to  flow 
in  porous  media  with  and  without  chemical  reactions  is  presented. 
These  include  the  studies  of  Koh  and  del  Casal  (1,2,3)  for 
transpiration  cooling,  of  Clark  (4)  for  high  temperature 
experimental  studies  using  methane  flow  through  porous  carbon 
and  graphite,  and  of  Weger,  e_t.  a_l.  (5,6)  for  carbon  deposition 
studies  resulting  from  thermal  cracking  of  hydrocarbon  gases 
as  they  pass  through  heated  char  specimens. 

Transient  Models  for  the  Analyses  of  Thermal  Protection  Systems 

The  need  for  accurate  transient  analyses  of  thermal  protection 
systems  of  space  vehicles  is  required  to  insure  the  safe  return 
of  the  space  craft  and  its  occupants.  The  interaction  of  the 
shock  heated  gas  and  the  ablative  heat  shield  is  extremely  complex. 
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There  is  no  single  ground  test  facility  where  experiments  can 
simulate  the  reentry  of  a space  vehicle.  Wind  tunnel  tests  are 
used  to  study  flow  field  characteristics,  while  radiant,  induc- 
tion and  resistance  heating  facilities  are  used  to  simulate  the 
thermal  environment  encountered  during  ablation.  Therefore,  an 
accurate  mathematical  model  is  essential  to  effectively  predict 
the  behavior  of  these  thermal  protection  systems  during  reentry. 

Almost  all  of  the  major  aerospace  firms  and  governmental 
organizations  interested  in  reentry  have  modeled  the  transient 
response  of  ablative  heat  shields.  It  is  impossible  to  discuss 
all  of  these  various  transient  analyses;  however,  a brief  his- 
tory and  a few  typical  models,  namely  those  of  Kratsch,  et.  al. 
(21),  Kendall,  £t.  al.  (15)  and  Swann,  et.  al.  (16)  will  be 
discussed.  The  weaknesses  in  these  analyses  will  be  pointed 
out,  and  it  will  be  shown  how  this  work  will  permit  an  improve- 
ment to  present  transient  models. 

One  of  the  earliest  theoretical  studies  of  the  ablation  of 
a char  forming  plastic  by  Scala  (17)  "attempted  to  define  the 
key  physicochemical  aspects  of  the  problem  and  included  a 
discussion  of  the  importance  and  function  of  the  char  layer 
during  the  ablation  process"  (18).  In  a later  study  with 
Gilbert  (18),  they  recognized  the  existance  "of  a complex 
mixture  of  low  and  high  molecular  weight  gaseous  species  that 
interact  chemically  with  the  char  and  the  gases  in  the  boundary 
layer  near  the  surface"  (18).  Although  the  complexity  of 
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chemical  reactions  within  the  char  zone  was  discussed,  the  model 
of  Scala  and  Gilbert  (18)  was  for  a gas  mixture  containing  carbon 
monoxide,  methane,  hydrogen  and  ammonia  which  remained  frozen  as 
it  transpired  through  the  char.  Similarly,  the  models  of 
Barriault  and  Yos  (19)  and  Meyers  and  Harmon  (20)  considered  the 
flow  to  be  frozen  in  the  char  zone. 

The  analysis  of  Kratsch  _et.  al.  (21)  was  a one  dimensional, 
transient  analysis  that  coupled  the  energy  and  mass  transfer  in 
char-forming  ablative  heat  shields.  Depolymerization  kinetics  of 
the  ablative  plastic  was  handled  by  an  Arrhenius-type  expression 
based  on  thermogravimetric  analysis  data.  Chemical  errosion  of 
the  carbonaceous  medium  by  reactions  occuring  within  and 
at  the  surface  of  the  char  were  included.  The  receding  surface 
boundary  condition  and  aero-convective  and  gas-radiation  heating 
boundary  condition  were  specified  input  functions  to  the  computer 
calculations . 

The  in-depth  analysis  of  the  char  layer  considered  the 
pyrolysis  gas  products  to  be  in  thermodynamic  equilibrium  as 
they  passed  through  the  zone.  Only  gas  phase  reactions  were 
included.  This  resulted  in  an  overprediction  of  the  carbon  in 
the  condensed  phase  as  observed  in  experimental  char  analyses  and 
was  attributed  to  a shift  in  gas  phase  controlled  reactions  to 
gas-solid  phase  controlled  reactions  within  the  char.  No  provi- 
sions to  include  such  chemical  interactions  of  the  pyrolysis 
gases  with  the  solid  carbon  was  made;  however,  an  empirical 
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adjustment  based  on  experimental  data  was  incorporated  to  correct 
for  the  overprediction  of  solid  carbon. 

This  work  was  the  first  attempt  to  describe  a rather 
complex  system  with  a model  that  was  not  restricted  by  the  over- 
simplification of  frozen  flow,  constant  physical  properties, 
or  omitted  heat  absorption  terms. 

The  analysis  of  Kendall,  _et.  al.  (15)  coupled  a laminar, 
equilibrium  boundary  layer  solution  with  a one  dimensional, 
transient  response  of  the  ablative  composite.  The  boundary  layer 
solution  was  related  to  the  shock  layer  by  specifying  edge 
boundary  conditions.  Similarly,  the  boundary  layer  solution  was 
related  to  the  transient  response  of  the  ablative  composite  by 
surface  conditions.  Four  options  were  available  to  couple  the 
ablating  surface  with  the  boundary  layer.  These  included 
specifying  (a)  wall  enthalpy,  (b)  pyrolysis  gas  species  mass 
fluxes,  (c)  wall  component  mass  flux  with  surface  equilibrium 
or  (d)  coupled  mass  and  energy  balance  at  the  wall  as  provided 
by  a transient  charring  conduction  solution. 

The  one  dimensional,  in-depth  analysis  considered  the  virgin 
plastic  to  pyrolyse  to  char  and  gaseous  products  and  assumed 
thermal  equilibrium  and  zero  residence  time  of  the  pyrolysis 
products  within  the  char  layer.  Char  deposition  and/or 
depletion  was  not  considered  in  the  analysis.  A modified  form 
of  Darcy's  law  was  used  to  calculate  the  pressure  distribution 
after  a temperature  profile  had  been  established. 
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The  analysis  of  Swann,  et,  al . (16)  was  a one-dimensional, 
numerical  analysis  of  the  transient  response  of  an  ablative  com- 
posite. The  thermal  protection  system  could  contain  as  many  as 
three  layers  of  different  materials  and  the  first  two  could 
have  moving  boundaries.  The  material  response  was  coupled  to 
the  flow  field  by  an  energy  balance  at  the  char  surface  where 
the  convective  heating  rate  was  computed  using  either  a 
linear  or  a quadratic  approximation  to  the  blocking  effective- 
ness for  a laminar  boundary  layer.  The  cold-wall  convective 
heating  rate  and  the  radiant  heating  rate  incident  on  the  surface 
were  specified  functions  of  time.  These  values  appeared  as 
inputs  to  the  computer  solution.  The  surface  was  removed  by 
vaporization  at  the  sublimation  temperature  and  by  diffusion 
controlled  chemical  reactions  of  oxygen  at  the  surface. 

The  energy  equation  applied  to  the  char  zone  which  was  used 
by  Swann,  e_t.  al.  (16)  can  be  put  in  the  following  form: 
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where  W is  the  mass  flux  of  pyrolysis  products  at  x and  Wq  is 
the  mass  flux  of  the  pyrolysis  products  entering  the  char  zone. 
The  term  in  brackets  is  referred  to  as  an  effective  reacting 
gas  heat  capacity  which  is  computed  considering  the  flow  to  be 
frozen  (£fLRj  = 0)  or  in  thermodynamic  equilibrium  (EH^R^  4 0)  • 
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The  results  of  this  research  will  permit  the  calculation  of 
the  non- equilibrium  reacting  gas  heat  capacity,  i.e.  the  term 
in  brackets  of  equation  (2-1).  The  computation  of  the  energy 
absorbed  by  chemical  reactions  for  non- equilibrium  flow  will  be 
discussed  in  the  next  chapter.  This  will  permit  the  calculation 
of  the  non-equilibrilim  reacting  gas  heat  capacity  to  be  used 
with  a simultaneous  solution  of  the  transient  energy  equation 
(2-1).  With  these  results  the  transient  response  of  a charring 
ablator  can  be  predicted  for  non-equilibrium  flow  in  the  char  zone. 

Analysis  of  the  Char  Zone  of  a Charring  Ablator 

The  analysis  of  the  char  zone  of  a charring  ablator  is  in 
essence  a study  of  flow  through  porous  media  accompanied  by 
chemical  reactions  in  the  fluid  and  between  the  fluid  and  the 
medium.  The  porous  medium  is  carbon,  and  the  fluid  is  the 
pyrolysis  products  resulting  from  thermal  degradation  of  the 
ablative  composite. 

Although  there  has  been  extensive  work  by  the  petroleum 
industry  on  flow  through  porous  media  for  improving  well  perfor- 
mance (22),  there  has  been  little  work  describing  the  complex, 
non-equilibrium  flow  encountered  in  the  char  zone  during  ablation. 
However,  there  has  been  a significant  amount  of  research  in  the 
aerospace  field  on  transpiration  cooling. 

To  describe  flow  in  the  char  zone  there  have  been  two 
types  of  analyses.  The  first  involves  flow  of  fluids  having 
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constant  physical  properties  with  the  gas  and  solid  phases 
at  different  temperatures  (thermal  non-equilibrium).  The 
second  involves  flow  in  porous  media  with  variable  physical 
properties  but  with  thermal  equilibrium  between  the  solid  and 
gas. 

The  studies  of  Koh  and  del  Casal  (1,2,3)  were  most  directly 
related  to  this  work  and  illustrate  both  analyses.  In  particular, 
the  first  paper  presented  analytical  solutions  to  the  one- 
dimensional energy  equation  for  (a)  constant  physical  properties 
with  thermal  non- equilibrium  and  (b)  variable  physical  properties 
with  thermal  equilibrium  between  phases.  .The  second  study  was 
for  chemical  non-equilibrium  flow  through  porous  matrices  with 
thermal  equilibrium.  The  third  paper  gave  a summary  of  an 
experimental  study  used  to  verify  the  models  proposed  in  the 
analytical  studies. 

Clark  (4)  extended  the  transpiration  cooling  analysis  of 
Koh  and  del  Casal  (2)  to  simulated  ablative  chars.  In  this 
study  methane-helium  mixtures  were  passed  through  resistance 
heated  porous  carbon  and  graphite  specimens  in  a temperature 
range  from  2000°  to  3500°F. 

Weger,  et.  al.  (4,5)  used  a chemical  non-equilibrium  analysis 
of  gas  flow  through  chars  and  carbon  specimens  to  study  the 
extent  of  carbon  deposition  resulting  from  hydrocarbon  cracking 
reactions.  The  effect  of  carbon  densif ication  on  the  char  and 


flow  properties  were  analysed.  An  induction  furnace  was  used  to 
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achieve  uniformly  high  temperatures  across  the  char  specimens. 


Transpiration  Cooling  Studies  by  Koh  and  del  Casal : The  works  of 

Koh  and  del  Casal  (1,2,3)  summarized  the  approach  taken  in  both 
types  of  transpiration  analyses  described  above.  In  their  first 
paper  analytical  solutions  to  the  one  dimensional  energy  equation 
were  presented.  These  included  the  special  cases  of  (a)  constant 
properties  with  thermal  non-equilibrium  between  the  gas  and  solid 
phases,  and  (b)  variable  properties  with  thermal  equilibrium 
between  the  two  phases.  The  equations  used  by  the  authors  for  a 
non-reacting  (frozen),  transpiration  cooling  analysis  were  (1): 


k 

m 


I 

Tfi 


WC  dTj. 
p f 


(2-2) 


Equation  (2-2)  is  an  overall  energy  balance  for  a fluid  flowing 
in  the  porous  matrix  and  equates  the  energy  transfer  by  matrix 
conduction  at  the  point  x to  the  change  in  fluid  enthalpy 
between  an  initial  temperature,  Tf  , and  the  temperature  at 
point  x,  T^. 


dT, 


WC 


P dx 


h (T  - T ) 
m f 


(2-3) 
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Equation  (2-3)  is  an  energy  balance  for  the  coolant  phase  and 
equates  the  energy  transfer  from  the  coolant  by  convection  to 
the  energy  transfer  from  the  coolant  to  the  solid  phase. 

The  energy  transfer  by  gas  conduction  was  omitted  from  the 
equation  as  insignificant  with  respect  to  the  gas  convection. 
Equations  (2-2)  and  (2-3)  were  used  to  couple  the  coolant  and 
solid  phases  of  the  system  for  the  thermal  non-equilibrium 
condition. 

The  pressure  distribution  within  the  matrix  was  determined 
using  Darcy's  Law  as  given  below  which  neglects  inertial  effects. 

dP_  = _ Wy,  (2-4) 

dx  yp 

The  one -dimensional,  steady  state  continuity  equation  was  used 
and  is  : 


W = pv  = constant  (2-5) 

The  equation  of  state  for  the  coolant  phase  was  the  following: 

p = P/2RTf  (2-6) 

The  boundary  conditions  used  to  solve  these  equations  were 
the  pressure  and  matrix  temperature  at  the  rear  (x=0)  and  front 
(x=L)  surfaces  of  the  matrix. 
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P = P 

at  x = 0 (2-7) 

T = T 
m tn0 


at  x = L (2-8) 

T = T 
m mL 


The  results  for  the  analysis  were  presented  for  two  cases. 
The  first  considered  the  heat  transfer  coefficient  and  the 
physical  and  thermodynamic  properties  as  constants,  while 
the  second  was  a variable  properties  solution. 

In  the  solution  for  the  first  case,  the  equations  were  non 
dimens ionalized  and  an  analytical  solution  was  obtained. 

The  approach  used  by  the  authors  follows.  Rewriting  equations 
(2-2)  and  (2-3)  in  dimensionless  form  gave: 


and 


dS 
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dTj 


WC  L 


e*  - se, 
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d^ 

dT) 


WT  (0m  “ ef}  = A (0m 
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where 


T 
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m x -T£ 
mL  fi 


(2-9) 


(2-10) 


(2-11) 
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A = 


B = 


WC  L 
P 
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m 


T|  = x/L 


(2-12) 


(2-13) 


(2-14) 


(2-15) 


The  boundary  conditions  in  dimensionless  form  were: 


8 = 0 at  Tj  = 0 (2-16) 

in  hIq 

e =1  at  n = 1 (2-17) 

m ' 

Differentiation  of  equation  (2-9)  with  respect  to  T)  and  sub- 
stituting the  expressions  for  0^  and  d0^/dT]  into  equation  (2-10) 

gave  a second  order  differential  equation  in  terms  of  0^: 
d20  d0 

+ A - AB0  =0  (2-18) 

d/  dTl 


The  general  solution  of  this  equation  was: 
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9m  = C1Exp(r1T|)  + C2Exp(r2T|) 

where 

t1  = | ~-l  + (1  + 4B/A)1/2] 

and 

r2  = | [-1  “ (1  + 4B/A)1/2J 

Using  the  dimensionless  boundary  conditions  to  evaluate  and  C2 
in  equation  (2-19)  resulted  in  the  following  dimensionless 
temperature  distributions  for  the  matrix  (9m)  and  coolant 
(0^)  as  functions  of  the  dimensionless  matrix  thickness  (7]): 

r1"0moEXp(r2)  T -pl-8  Bcp(fci)  - 

‘ U^rp-E^r^-I  Exp(r2Tl) 

(2-22) 

1-Q  Exp(r2)  1-0  Exp(r^) 

Sf  ' HLpIrp-EKpfr,)]  rl^(rl»te^)J  r2Exp<r2ll>} 

(2-23) 

Results  of  the  above  analysis  were  presented  in  the  form  of 
graphs  and  will  be  discussed  following  the  review  of  the 
variable  properties  analysis. 

The  variable  properties  analysis  of  Koh  and  del  Casal  (1) 
was  made  for  the  case  of  thermal  equilibrium  between  the  coolant 
and  solid  phases.  A reduction  in  the  complexity  of  the  previous 


(2-19) 

(2-20) 

(2-21) 
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analysis  resulted  which  permitted  physical  property  data  in  the 
form  of  polynomial  expressions  to  be  incorporated  into  the 
equations  obtained  for  the  thermal  equilibrium  analysis.  A 
summary  of  the  approach  used  by  the  authors  follows. 

Once  again  the  energy  equation  (2-2)  was  rewritten  in 
dimensionless  form  as: 


d0 
'k  d^ 


_* 

WC  L 


0Cp  d0 


- / 


,0 


0cp  d0 


m 


0i 


where : 


0 = T/T 

0cp  = S/5P 

0,  = k /k 

He  mm 


(2-24) 


(2-25) 

(2-26) 

(2-27) 


The  thermal  conductivity  and  heat  capacity  of  the  coolant  were 
calculated  by  the  usual  polynomials  where  a and  b were  coeffi- 
cients in  the  expressions: 


\ = E a . 0L  (2-28) 

i=o  i 
U)  i 

% "jSc  V 


(2-29) 
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Substitution  of  equations  (2-28)  and  (2-29)  into  equation  (2-24) 
followed  by  integration  gave: 


I ( 0o  , 0) 


(2-30) 


The  transformed  boundary  condition  described  by  equation  (2-7) 
was  used  to  obtain  (2-30),  and  this  is: 


0 = 0O  at  71  = 0 


(2-31) 


The  inlet  and  outlet  surface  temperatures  were  related  to  B 
using  the  second  transformed  boundary  condition  (2-8)  which  was: 


0 = 0l  at  7)  = 1 


(2-32) 


The  resulting  equation,  applying  these  boundary  conditions,  was: 


i(0o,0l) 


(2-33) 


The  solution  of  Darcy's  Equation  for  coolant  flow  was  like- 


wise given  in  dimensionless  form  as: 
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r1 

Jo 


VfdT1 


(2-34) 


where  the  viscosity  was  -evaluated  using  a polynomial  expression. 


v i 

0 = E c .0  (2-35) 

4 1=0  1 


The  constant  and  variable  properties  models  of  Koh  and 
del  Casal  (1)  were  compared  with  the  experimental  data  of 
Turnacliff  (23)  in  which  one  half  inch  diameter  spheres  were 
used  as  the  flow  medium.  The  fluids  studied  were  air  and 
helium. 

Results  of  the  comparison  of  the  constant  properties, 
thermal  non-equilibrium  solution  (equations  2-19  and  2-23) 
with  the  experimental  data  were  presented  as  dimensionless 
plots  of  temperature  (matrix  and  fluid)  as  a function  of 
matrix  thickness  for  values  of  matrix  porosity  between  0.259 
and  0.477  and  fluid  Reynolds  number  between  62  and  862. 

The  physical  properties  of  the  fluid  were  evaluated  at  a mean 
temperature  of  110°F  at  the  back  and  front  surfaces.  These 
plots  are  reproduced  in  Figures  2-1,  2-2  and  2-3.  As  can  be 
seen  a very  good  agreement  between  the  analytical  and  experi- 


mental results  was  obtained. 


_ A = 23.8 
— B = 1,38 
_ Re  = 95.5 


0.0  0.2  ( 


Figure  2-1.  Compar 
Temperature  Dist 


T] 

.son  of  Calculated  and  Measured 
•ibutions,  Porosity  = 0.259. 


Figure  2-2.  Comparison  of  Calculated  and  Measured 
Temperature  Distributions,  Porosity  = 0.395. 


and 


<t> 


Figure  2-3.  Comparison  of  Calculated  and  Measured 
Temperature  Distributions,  Porosity  = 0,477. 
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Three  important  conclusions  were  drawn  from  the  constant 
properties,  thermal  non -equilibrium  analysis.  First,  a 
decrease  in  the  Reynolds  number  at  fixed  porosity  values 
decreased  the  difference  between  the  matrix  and  fluid 
temperatures.  The  Reynolds  number  can  be  decreased  by  decreas- 
ing the  fluid  velocity,  or,  by  decreasing  the  pore  diameter 
of  the  matrix.  In  either  case  the  mass  flux  of  coolant  to  the 
matrix  is  reduced  causing  longer  holdup  of  the  fluid  phase 
within  the  matrix.  This  additional  holdup  time  favors  thermal 
equilibrium  between  the  solid  and  fluid  phases.  Secondly, 
a decrease  in  the  Reynolds  number  at  fixed  porosity  values 
increased  the  difference  between  the  fluid  reservoir  tempera- 
ture (the  temperature  of  the  fluid  prior  to  entry  into  the 
matrix  at  the  back  surface)  and  the  matrix  back  surface 
temperature  for  a constant  front  surface  temperature.  This 
is  caused  by  reducing  the  net  capacity  of  the  fluid  to  absorb 
heat  transferred  to  the  back  surface  from  the  heated  front 
surface.  Thirdly,  the  results  of  Turnacliff  can  be  extrapolated 
to  transpiration  cooling,  where  a matrix  pore  diameter  is 
used  that  is  several  orders  of  magnitude  smaller  (for  the  same 
values  of  fluid  velocity)  than  that  used  by  Turnacliff  (23) . 

This  showed  that  thermal  equilibrium  between  the  solid  and 
fluid  was  a reasonable  approximation  for  transpiration  cooling. 

For  the  variable  properties,  thermal  equilibrium  solution 
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(equation  2-33),  Koh  and  del  Casal  analysed  air  and  helium 
flow  through  Nickel  Foametal  matrices  having  porosity  values 
between  0.42  and  0,735.  The  inlet  temperature  of  the  coolant 
was  540°R  and  the  matrix  front  surface  temperature  was  2700°R. 
The  results,  presented  again  as  a dimensionless  plot  of  tempe- 
rature as  a function  of  matrix  thickness,  are  reproduced  in 
Figure  2-4.  Also  shown  were  temperature  profiles  for  the 
constant  properties  solution.  A close  approximation  to  the 
variable  properties  solution  was  obtained  at  a matrix  porosity 
value  of  0.42,  However,  as  the  porosity  was  increased 
(to  0.53  and  0.735),  departure  of  the  constant  properties 
temperature  distributions  from  those  of  the  variable  properties 
analysis  was  observed.  This  indicated  the  importance  of  a 
variable  physical  properties  analysis  in  any  realistic  model 
of  flow  through  media  having  moderate  to  high  (>0.50)  porosity. 

In  the  above  analyses,  simplifying  assumptions  were  made  to 
obtain  analytical  solutions.  Important  modes  of  energy  absorp- 
tion, such  as  fluid  conduction  and  chemical  reaction,  were 
omitted  from  the  models.  This  greatly  restricted  the  appli- 
cation of  the  models  to  a small  class  of  problems  (i.e.,  flow 
of  an  inert  coolant  through  a porous  medium  in  transpiration 
cooling).  In  order  to  extend  their  analyses  to  a broader  area 
of  application,  Koh  and  del  Casal  in  a second  paper  (2) 
proposed  dissociation  of  the  coolant  within  the  porous  matrix. 
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The  dissociation  of  coolant  to  various  products  was  represented 
by  the  general  chemical  reaction  below. 


S 

o 


S1S1  + 52S2  + 


+ S.S. 
1 1 


(2-36) 


The  energy  absorbed  by  chemical  dissociation  of  the  coolant 
within  the  matrix  was  incorporated  into  the  thermal  equilibrium, 
energy  balance  equation  (2-2)  as: 


, dT 
m dx 


S - 

En  W h - (W  h ) I 

i=0  L 1 1 11  “’J 


(2-37) 


In  equation  (2-37),  the  term  on  the  right  hand  side  represented 

the  local  enthalpy  flux  resulting  from  the  dissociation  of  the 

coolant  to  species.  The  summation  in  equation  (2-37)  was 

made  over  S species  to  include  additional  species  (S . , „ to 
n r l+l 

S ) that  enter  into  the  matrix  from  the  fluid  adjacent  to  the 
n 

front  surface  by  counter  diffusion.  The  local  enthalpy  flux 
was  equated  to  the  energy  absorbed  by  matrix  conduction  to 
complete  the  energy  balance.  Once  again  energy  absorption 
by  coolant  conduction  was  omitted  from  the  analysis. 

In  order  to  evaluate  the  local  enthalpy  flux  needed 
in  the  energy  equation  (2-37),  the  following  equations  were 
solved  simultaneously  with  the  energy  equation;  the  conti- 
nuity equation  (2-5)  and  the  momentum  equation  (2-4).  In 


addition  the  rate  equation  (2-38),  which  specified  the  rate 
of  dissociation  of  the  coolant,  and  the  species  continuity 
equation  (2-39),  were  used. 
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(2-38) 
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(2-39) 


The  change  in  the  molar  concentration  of  species  iwas  equated 
to  the  rate  of  chemical  dissociation  of  the  coolant  by  a 
differential  material  balance  and  is: 


^o 

at 


(2-40) 


Rewriting  equation  (2-39)  for  the  specific  reaction  (2-36) 
excluding  the  species  (S^+^  to  S^)  introduced  into  the  matrix 
by  diffusion  from  the  boundary  layer  gave: 
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J_  00 


(2-41) 


where  the  first  term  on  the  right  hand  side  of  the  equation 
represented  the  mole  flux  of  specie  i at  the  reservoir,  and 
the  second  term  was  the  increase  of  mole  flux  of  i due  to  the 
dissociation  of  "o"  species.  Substituting  for  W_^  into  the 
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energy  equation  (2-37)  gave: 
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(2-42) 


Rearranging  equation  (2-42),  with  substitution  for  h.  by  its 

rFf  ° 

defining  equation  (tu  = J C dT  + h.),  and,  normalizing 

Tft  Pl 

the  parameters  T and  x using  equations  (2-12)  and  (2-15), 
gave  the  following  dimensionless,  first  order,  differential 
equation: 
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(2-43) 


where  B was  defined  in  equation  (2-14),  M^  was  the  ratio  of 
the  molecular  weights  of  species  i to  the  molecular  weight  of 

0 

the  reservoir  fluid,  and  h.  was  the  standard  heat  of  formation 

1 

of  species  i.  The  subscript  co  referred  to  conditions  at  the 
reservoir. 

To  facilitate  the  solution  of  equation  (2-43),  the 
parameter  R^  was  defined  as  a dimensionless  mole  flux  of 
species  "o"  us ing  equations  (2-39)  and  (2-40).  A detailed 
derivation  was  presented  in  the  original  work  (2)  by  the 
authors.  The  results  of  that  derivation  are  presented  below 
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as  equations  (2-44)  and  (2-45) : 


R 

o 


[1  + wmb]w  - ± 
1 + bw 


dw 

dT) 


(2-44) 


and 


= - — F (2-45) 

dn  N00: 


These  are  two,  first  order,  differential  equations  for  the 
solution  of  Rq  and  w,  the  mole  fraction  of  species "o".  The 
boundary  conditions  for  the  above  equations  were  the  initial 
mole  flux  of  species  "b"  in  the  reservoir5 


R = w at  n = 0 

o CO  1 


(2-46) 


and  the  final  concentration  of  species  "o"  at  the  front  surface, 


w = wL  at  T)  = 1 (2-47) 

The  value  of  wL  was  specified  by  an  analysis  of  the  boundary 
layer  flow.  Also,  since  the  reaction  rate  parameters,  F and 
K,  were  functions  of  temperature,  the  above  equations  (2-44) 

and  (2-45)  were  solved  simultaneously  with  the  energy  equation 
(2-37). 


42 


The  pressure  distribution  was  calculated  from  the 
momentum  equation  (2-4)  using  the  gas  equation  of  state  given 
by  equation  (2-6).  The  resulting  equation  for  the  pressure 
drop  at  any  point  within  the  matrix  was: 


CO 


2Wp*R  T*  L 


(2-48) 


where  y was  the  matrix  permeability,  R was  the  universal  gas 
constant  and  p,  the  viscosity. 

The  solution  of  equations  (2-43),  (2-44),  (2-45),  and 
(2-48)  for  the  dissociation  of  air  and  ammonia  within  the 
porous  matrices  was  obtained.  The  results  were  presented  as 
plots  of  the  dimensionless  temperature  as  a function  of 
matrix  thickness  for  various  values  of  the  dissociation  con- 
stant, K.  These  solutions  are  reproduced  in  Figures  2-5  and 
2-6,  The  results  showed  the  effect  of  the  extent  of  dissocia- 
tion on  the  value  of  the  coolant  temperature  and  energy 
absorbed  within  the  matrix.  For  highly  endothermic,  disso- 
ciation reactions  within  the  matrix,  the  local  temperature 
was  decreased  due  to  the  increased  energy  absorption  by  che- 
mical reaction.  This  effect  was  illustrated  in  Figures  2-5 
and  2-6  by  the  curves  which  fell  below  the  K=0  (no  chemical 
reaction)  curve.  As  noted,  in  some  cases,  the  non-equili- 
brium analyses  (K^O)  produced  results  which  indicated  increased 


Figure  2-6.  Temperature  Distributions  for  NH„  Flow 
Through  a Porous  Matrix  as  a Function  of  the 
Reaction  Constant  and  Surface  Emissivity. 
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temperature  within  the  matrix.  This  resulted  from  the  net 
decrease  in  the  mass  flux  parameter,  B,  of  equation  (2-43) 
which  was  caused  by  the  dissociation  of  the  coolant.  The 
dual  effect  of  the  rate  of  dissociation  of  the  coolant  on 
the  mass  and  energy  transfer  within  the  matrix  resulted 
in  the  intersection  of  the  various  curves  in  Figures  2-5 
and  2 - 6 . 

The  important  conclusion  drawn  from  this  non-equilibrium 
flow  analysis  was  that  endothermic  chemical  (dissociation) 
reactions  within  the  matrix  reduced  the  total  quantity  of 
coolant  required  to  maintain  the  surface  temperature  at  a 
specified  value. 

The  first  and  second  papers  by  Koh  and  del  Casal  (1,2) 
neglected  the  effect  of  gas  conduction  on  the  energy  transfer 
associated  with  flow  through  porous  matrices  for  transpira- 
tion cooling.  This  was  a valid  assumption  for  high  mass 

2 

flux  values  (^,0.1  lb. /ft  -sec)  or  for  relatively  small 
temperature  gradients  across  the  matrix  (3000°R),  However, 
at  either  low  flow  rates  and/or  high  temperature  gradients, 
as  encountered  in  transpiration  and  ablative  cooling  applica- 
tions, the  effect  of  coolant  conduction  must  be  considered. 

In  order  to  develop  a more  generalized  transpiration  flow 
model  Koh  and  del  Casal  (3)  included  coolant  conduction  in 
the  non-equilibrium,  constant  properties  model  discussed 
previously  (1).  Also,  an  experimental  study  was  conducted 
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to  test  the  reliability  of  this  analytical  model  for  predict- 
ing the  temperature  gradient  and  energy  absorption  within  the 
porous  matrix.  Before  the  comparison  is  made,  however,  a 
brief  discussion  of  the  development  of  the  governing  equations 
of  change  and  the  analytical  solutions  will  be  made. 

Once  again  the  continuity  (2-5),  momentum  (2-4)  and 
equation  of  state  (2-6)  considered  in  Koh  and  del  Casal's 
first  paper  (1)  was  used  in  this  analysis.  However,  when 
energy  absorption  by  coolant  conduction  was  considered,  the 
energy  equation  (2-2)  relating  the  heat  transfer  by  conduction 
from  each  phase  and  the  increase  in  the  fluid  enthalpy  from 
the  reservoir  temperature  (T^)  to  a local  temperature  (T^) 
was  modified  as  follows: 
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Likewise,  the  energy  balance  relating  the  energy  absorption 
by  matrix  conduction  to  the  convective  heat  transfer  from  the 
matrix  to  the  fluid  at  any  cross-section  within  the  matrix  was: 
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For  constant  properties,  equation  (2-50)  reduced  to: 
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Rearranging  equations  (2-49)  and  (2-51)  after  normaliza- 
tion using  the  definitions  of  the  dimensionless  parameters 
in  equations  (2-11),  (2-12),  (2-13),  (2-14),  and  (2-15),  gave: 
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(2-52) 


and 


» AB  (0  - e ) (2-53) 

dT]2  m f 


where  C is  the  ratio  of  the  fluid  to  matrix  thermal  conduct- 
ivity: 


C = ~ (2-54) 

m 

In  order  to  solve  the  above  equations  for  the  dimensionless 
temperature  distributions,  em  and  0^,  three  boundary  condi- 
tions were  required.  These  included,  in  normalized  form, 
the  back  surface  temperature  of  the  matrix  (x=0) , 
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9 = 0 at  Tj  = 0 

in  ' 


(2-55) 


the  front  surface  temperature  of  the  matrix, 


9 


m 


1 at  T]  = 1 


(2-56) 


and,  a local  energy  balance  on  the  fluid  phase  at  the  back 
surface  (x=0)  relating  the  net  increase  in  fluid  enthalpy 
to  the  heat  transfer  by  fluid  conduction.  In  dimensionless 
form  this  was: 


dn 


I ef  at  T\  = o 


(2-57) 


Combining  equations  (2-52)  and  (2-53)  gave  a third  order 

differential  equation  in  Q : 

m 


d3e 


m 


Bd\ 


dTf 


dT) 


(rf  + ab) 


d®m  + 


dn 


= 0 


m 


(2-58) 


A general  solution  to  (2-58)  was: 


9 


m 


c1ExP[r1TQ+  c2ExP[r2n]  + c3ExP[r3Ti] 


(2-59) 
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where  r^>  r2>  and  Tg  were  the  roots  of  the  following  auxiliary 
equation: 


- £ r2 
c 1 


- AB  (1 


4> 


r + 


AB 

C 


= 0 


(2-60) 


Substitution  of  0 after  differentiation  into  equation  (2-52) 
m 

resulted  in  a solution  for  the  fluid  temperature  distribution, 
@£,  as  a function  of  T|. 


(1  " "ab5  c1Exp[r j^ti]  + (i  - -^)  c2ExP[r2ii] 


+ (1  " ~W  G3ExPCr3TlD 


(2-61) 


where 


c = f (e  Expr-.  - 1)(1 

1 in  L mO  1 


AB5  + (1  ' 0moExPr3) 


(!-—)  + (Expr3  - Exprp  0 


(2-62) 


•il 


(i  - © ExPr1)(i  - 

mo  1 


AB^  + (0moExpr3  " 1) 
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<x  - aT>  + - ExPr3)  efJ 


C3  ‘ t[<8»oEXPri  - 1>(1  - AT'  + - VXpr2> 


<X  - + <ExPr2  - ExPri)  «f  J 


(2-63) 


(2-64) 


and 


a2  = (ExPr2  - ExPr1)(i  - + (ExPr3  - ExPr2) 


2 2 
(i  - ^)  + (ExPr;L  - ExPr3)  (i  - 


(2-65) 


For  the  special  case  of  thermal  equilibrium  between  the  fluid 
and  matrix  (T  = T_  = T ) , the  temperature  distribution  was: 


T - 


T 


L 


Exp 


[ 


-WC  L 
P 

k + k£ 
m f 


(2-66) 


Also  a detailed  development  for  flow  of  coolants  through  porous 
matrices  with  internal  heat  generation  was  presented.  This 
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topic  will  be  discussed  in  a subsequent  section  which  describes 
the  research  of  Clark  (4)  in  the  area  of  ablative  cooling. 

In  addition  to  the  analytical  development  of  the  modified 
coolant  conduction  model,  equation  (2-61),  Koh  and  del  Casal 
presented  experimental  results  to  test  the  feasibility  of  the 
model  under  typical  transpiration  cooling  conditions.  These 
are  summarized  in  Table  2-1.  The  fluids  studied  were  water, 
air,  carbon  dioxide  and  methyl  methacrylate.  Metal  matrices 
constructed  of  tungsten,  poroloy,  stainless  steel  and  nickel 
were  used.  Porosity  values  varied  from  0.20  to  0.75  for  these 
media . 

A radiant  heat  source  was  used  to  heat  the  front  surface 
of  the  matrix  to  temperatures  between  1820° F to  3200° F. 
Twenty-five  infrared  quartz  lamps,  staggered  in  two  rows 
parallel  to  the  front  surface  of  the  matrix,  were  used. 

The  coolant  flow  passed  through  the  matrix  from  the  back  to 
the  front  surface.  The  exit  flow  rate  was  measured  with  a 
pitot  tube. 

It  is  of  interest  to  indicate  the  similarity  in  design 
of  the  apparatus  of  Koh  and  del  Casal,  et_.  aJ,  (3)  with  the 
apparatus  used  in  this  study.  Each  was  constructed  without 
knowledge  of  the  other,  yet  many  of  the  major  features 
(i.e.,  quartz  heating  lamps,  specimen  holder,  etc.)  were 


similar . 


Table  2-1.  Summary  of  Experimental  Results  for  the  Flow  of  Air,  CO2,  H2O,  and  Methyl 

Methacrylate  Through  Porous  Matrices. 
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The  experimental  results  obtained  with  the  radiant  heating 
apparatus  by  Koh  and  del  Casal  were  compared  to  the  results 
predicted  by  the  constant  property,  thermal  equilibrium 
solution  including  energy  absorption  by  coolant  conduction 
(equation  2-66) . These  comparisons  were  reproduced  from  the 
original  paper  and  are  presented  as  plots  of  dimensionless 
temperature  as  a function  of  matrix  thickness  in  Figures  2-7, 
2-8,  and  2-9.  As  seen,  very  good  agreement  was  obtained  for 
all  coolant  species  (water,  air,  cqrbon  dioxide  and  methyl 
methacrylate)  at  matrix  distances  less  than  0.5.  However, 
in  Figures  2-7  and  2-8,  the  results  for  air  and  carbon  dioxide 
at  matrix  distance  values  greater  than  0,5,  differed  from 
the  predicted  distributions  as  shown.  This  was  caused, 
in  part,  by  the  experimental  error;  and,  probably  in  part 
to  the  approximate  solution  obtained  by  considering  the 
physical  properties  constant.  It  is  reasonable  to  expect 
a better  agreement  near  the  back  surface  of  the  matrix  where 
the  coolant  properties  are  not  greatly  influenced  by  the 
moderate  temperature  encountered  (500° R - 1000° R).  However, 
as  the  coolant  approaches  the  front  surface  where  temperatures 
increase  rapidly  from  700°R  to  2200°R,  the  change  in  physical 
properties  could  certainly  cause  a poor  correlation  with  the 
observed  results.  Once  again,  the  importance  of  a variable 
properties  analysis  when  temperature  gradients  greater  than 
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1000°R  are  encountered  is  illustrated  for  the  accurate  predic- 
tion  of  the  actual  behavior.  No  experimental  results  were 
presented  for  the  chemical  non-equilibrium  analysis  (2)  of 
flow  through  porous  matrices.  However,  carbon  deposition 
was  noted  during  the  methyl  methacrylate  experiments 
resulting  in  serious  plugging  problems  within  the  matrix. 

The  carbon  deposit  was  attributed  to  the  thermal  cracking 
of  various  hydrocarbons  obtained  as  products  from  the 
depolymerization  reactions  of  the  methyl  methacrylate. 

The  material  in  the  three  papers  by  Koh  and  del  Casal 
(1,2,3)  is  summarized  as  follows.  First,  the  simultaneous 
solutions  of  the  continuity  equation  (2-5)  and  the  momen- 
tum equation  (2~4)  with  various  forms  of  the  energy  equation 
were  presented.  The  equations  were  for  the  flow  of  coolant 
through  a one-dimensional  porous  matrix  with: 

(1)  constant  physical  properties  and  thermal  non- 
equilibrium between  the  coolant  and  solid  phases, 

(2)  variable  physical  properties  and  thermal  equili- 
brium between  the  coolant  and  the  porous  matrix, 

(3)  variable  physical  properties  with  thermal  equili- 
brium between  the  phases  accompanied  by  dissocia- 
tion of  the  coolant  within  the  matrix, 

(4)  constant  properties  with  thermal  non-equilibrium 
between  the  coolant  and  matrix  and  energy  transfer 
by  solid  and  matrix  conduction,  and, 
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(5)  constant  properties,  thermal  equilibrium  flow 
with  energy  absorption  by  coolant  and  solid 
conduction. 

In  cases  (1)  and  (5)  experimental  results  by  Turnacliff 
(23)  and  Koh  and  del  Casal  (3),  respectively,  were  used  to 
establish  the  accuracy  of  the  solutions  obtained;  and,  in 
general,  the  models  predicted  the  observed  results  within 
experimental  error.  However,  for  the  remaining  cases,  no 
experimental  data  were  presented  to  establish  the  accuracy 
of  the  analytical  results. 

The  contributions  by  the  authors  defining  the  effects 
of  gas  conduction,  chemical  reactions  and  internal  heat 
generation  on  the  fluid  flow  and  heat  transfer  character- 
istics in  high  temperature  porous  matrices  for  transpiration 
cooling  were  indeed  significant. 

Quite  naturally  the  results  of  Koh  and  del  Casal 
(1,2,3)  for  transpiration  cooling  can  be  extended  to  ablation 
cooling  for  protection  of  space  vehicles.  The  ablative 
cooling  problem  is  more  complex  due  to: 

(1)  the  multicomponent  nature  of  the  pyrolysis  gas 
phase, 

(2)  the  chemical  reactions  of  these  gases  with  the 
carbonaceous  layer  formed  during  ablation,  and, 

(3)  the  extremely  large  temperature  gradients  existing 


between  the  back  and  front  surfaces  of  the  char 
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which  require  a variable  physical  properties 
solution  to  the  equations  of  change. 

However,  the  basic  method  of  describing  the  energy  and  mass 
transfer  for  flow  of  fluids  through  porous  media  with  chemical 
reaction  is  the  same.  In  the  next  two  sections  the  research 
of  Clark  (4)  and  Weger,  e_t.  al.  (5,6)  will  be  presented. 

They  described  the  phenomena  occurring  in  the  char  zone  of 
a char  forming  ablator. 

Clark  (4)  presented  an  analytical  model  for  flow  of 
methane  and  helium -me thane  mixtures  through  carbon  and 
graphite  matrices.  The  importance  of  thermal  equilibrium 
between  the  gas  and  matrix  was  determined  and  the  location 
and  temperature  within  the  porous  specimens  where  methane 
underwent  thermal  decomposition  to  carbon  and  hydrogen 
was  measured. 

Weger,  e_t.  al_.  (5,6)  formulated  a kinetic  model  for 
predicting  the  physical  property  changes  of  the  carbon  layer 
resulting  from  carbon  deposition.  In  particular,  the  effect 
of  carbon  dens  if ication  on  char  porosity,  and  permeability, 
was  discussed.  Weger,  et.  al_.  (6)  also  postulated  the 
reactions  that  contributed  to  carbon  deposition  and  those 
that  resulted  in  carbon  depletion.  The  results  were 
supported  by  an  experimental  program  in  which  methane, 
aceylene,  hydrogen,  carbon  monoxide  and  water  were  passed 
through  carbon  and  graphite  specimens  individually  and  in 
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mixtures . 

Ablative  Cooling  Study  by  Clark:  The  research  of  Clark  (4) 

extended,  in  part,  the  work  of  Koh  and  del  Casal  (3)  to 
describe  ablative  cooling.  Like  Koh  and  del  Casal  (1), 

Clark  studied  the  thermal  non-equilibrium  between  a porous 
matrix  and  the  gas  flowing  through  the  medium.  More  impor- 
tantly, however,  Clark  investigated  the  thermal  decomposition 
of  methane  as  it  passed  through  the  carbon  and  graphite 
specimens  and  pinpointed  the  location  and  temperature  where 
the  decomposition  occurred. 

The  analysis  by  Clark  was  for  one -dimensional,  methane 
and  helium-methane  mixtures  flowing  through  porous  carbon 
and  graphite  specimens.  A heat  generation  term  was  included 
in  the  energy  equation  to  describe  the  experimental  results 
obtained  using  a resistance  heated  apparatus.  The  energy 
balance  over  the  solid  phase  was: 

d2T 

km-f  + ^ " h <Tm  - V <2'67> 

dx 

where  solid  conduction  and  heat  generation  terms  were  equated 
to  the  convective  heat  transfer  from  the  solid  to  the  gas 
phase- 

The  energy  balance  relating  the  energy  absorbed  by  gas 
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convection  to  the  convective  heat  transfer  from  the  gas  to 
the  solid  phase  was : 


dT, 


WC 


p dx 


= h (T  - Tj 
m f 


(2-68) 


The  continuity  (2-5)  and  momentum  equations  (2-4)  were 
in  the  form  previously  discussed.  Heat  conduction  by  the 
gas  phase  was  considered  small  compared  with  gas  convection 
and  was  omitted.  Heat  absorption  by  chemical  reaction  was, 
likewise,  deleted  from  the  energy  equation. 

The  following  summarizes  the  development  of  Clark  to 
obtain  a solution  to  the  above  equations.  Combining 
equations  (2-67)  and  (2-68)  followed  by  integration  resulted 
in  equation  (2-69): 

dT  ii  i 

k — ^ + q x - WC  Tf  + C,  = 0 (2-69) 

m dx  p t J 


dT 

Substitution  for  — obtained  by  differentiating  equation 
dx 

(2-68)  and  rearranging  gave  a second  order,  non-homoge- 
neous,  linear,  differential  equation  in  T^: 


dV 


dx 


dT 


WC 


dx 


‘f 


T„  + 


+ C,  = 0 


WC  k 
p m 


(2-70) 
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The  characteristic  solution  of  equation  (2-70)  was  given  as: 


Tc  = A^Exp[Vx]  + B^Exp[ffx] 


(2-71) 


where 


Y = 


I jl  , ir,h,2 

2 WC 


♦i  [<*->*  ♦*£] 


,1/2 


(2-72) 


and 


5 = 


1 JL_ 

2 wc  2LvWc 

p p 


r< h -2 


) + 4( 


hi 

m *J 


1/2 


(2-73) 


The  particular  solution  of  equation  (2-70)  was: 


_ q x _jn 


k q"'  k C 


in  3 


P *p  (WC  )2  h 

* n 


(2-74) 


The  general  solution  was  the  sum  of  equations  (2-71)  and 
(2-74): 


k C 
m 


...i  k q 

T = A Exp[Yx]  + B Exp[|x]  + H — + — . 

wc  (wc  y h 

p p 


(2-75) 


Substituting  for  T^  into  equation  (2-69)  followed  by 
integration  and  rearrangement  gave  the  temperature  of  the 
carbon  matrix  as  a function  of  distance,  x: 
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T 

m 


WC  F 
_P_ 


h 


wc  y 

A Exp[^x]  - — B Exp[£x] 


+ q’ 


k 

m 

(MCp)2 


k C 


(2-76) 


Boundary  conditions  were  required  to  evaluate  the  constants 
of  integration,  A,  B,  and  C in  equations  (2-75)  and  (2-76). 
The  gas  temperature,  radiative  heat  transfer  and  conductive 
heat  transfer  at  the  back  surface  were  specified  as: 


dT 

-qc  - k„  <*?>  « x ■ 0 <2-77> 


and,  the  radiative  and  conductive  heat  transfer  at  the  front 
surface  were  also  specified: 


dT 

q - - k (-j111)  at  x = L (2-78) 

x m dx 


The  final  equations  for  T^ 


and  T obtained  after  sub 
m 


stitution  for  the  integration  constants  are  given  in  Figure  (2-10) 


Figure  2-10.  Equations  for  the  Fluid  and  Matrix  Temperatures  for  Flow  Through  Porous 

Media  (Clark) . 


(Exp[|L]  - ExpjjL]) 
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A computer  program  was  written  to  calculate  the  heat  transfer 

coefficient,  h,  and  the  matrix  and  fluid  temperatures,  T and 

m 

Tf,  shown  in  equations  (2-79)  and  (2-80). 

The  experimental  data  were  used  to  measure  the  extent 
of  thermal  non-equilibrium  between  the  gas  and  carbon  phases. 

The  experiments  were  also  designed  to  determine  whether  helium- 
methane  mixtures  flowing  in  the  carbon  matrix  were  frozen, 
in  chemical  equilibrium  or  not  in  chemical  equilibrium. 

Carbon  deposition  resulting  from  the  cracking  of  methane  was 
likewise  measured. 

A resistance  heated  apparatus  was  used  by  Clark  to 
simulate  the  high  temperatures  (~5000°R)  encountered  during 
reentry  flights.  The  test  specimens  were  constructed  of  carbon 
or  graphite  with  the  facility  to  attach  high  voltage  leads 
at  either  end.  The  center  or  test  section  of  the  material 
necked  down  to  increase  the  current  density  and  heating  at 
that  point.  Flow  tubes  were  mounted  on  either  side  of  the 
test  section  with  Saureisan  cement.  Methane  and  helium- 
methane  mixtures  were  used  to  simulate  the  pyrolysis  products 
formed  by  the  thermal  degradation  of  the  plastic  heat  shield. 

Exit  gas  samples  were  obtained  using  a pitot  tube  and  were 
analysed  by  gas  chromatography  to  determine  the  extent  of  methane 
decomposition  as  the  feed  gas  passed  through  the  heated  test 
section.  Surface  temperatures  and  gas  stream  temperatures  were 
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measured  with  a total  radiation  pyrometer  and  thermocouples.  A 
pressure  transducer  was  used  to  measure  the  pressure  drop  across 
the  test  section.  Post-experimental  investigations  of  the  test 
section  included  density  profile  measurements  using  a mercury 
intrusion  porosimeter  and  photomicrographic  analyses  to  detect 
carbon  deposition  within  the  porous  specimens. 

The  results,  shown  in  Table  2-2  for  pure  methane  flow, 
compare  the  solid  and  gas  phase  temperatures  as  a function  of 
dimensionless  thickness,  T],  over  a range  of  mass  fluxes  and 
back  surface  temperatures.  As  seen,  the  greater  the  tempera- 
ture gradient  between  the  gas  and  solid  at  the  inlet  or  back 
surface,  the  larger  the  temperature  differences  within  the 
matrix.  This  is  especially  illustrated  by  comparing  the 
values  of  the  last  column,  the  fractional  reduction  in  the 
temperature  difference  from  the  initial  condition  (AT^/ATq). 

An  increase  in  the  mass  flux  from  0.003  to  0.03  lb/ft  sec  had 
little  effect  in  reducing  the  temperature  gradient  compared 
with  the  effect  noted  for  a back  surface  temperature  decrease 
from  3000°R  to  2000°R.  In  this  particular  investigation 
thermal  non-equilibrium  between  the  gas  and  solid  is  primarily 
caused  by  the  resistance  heating  method  for  achieving  tempera- 
ture between  3000°R  and  4000°R.  In  ablative  heat  protection 
applications  the  gas  flowing  from  the  pyrolysis  zone  into  the 
char  layer  is  at  the  local  char  temperature,  and  the  abnormally 
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large  temperature  difference  characteristic  of  the  resistance 
heating  apparatus  is  non-existent.  Therefore,  the  assumption 
of  thermal  equilibrium  between  the  gas  and  char  in  ablative 
cooling  should  be  a very  good  approximation  to  the  real 
behavior . 

Clark  also  used  this  apparatus  to  determine  whether  methane 

thermally  degraded  within  the  heated  carbonaceous  specimen.  The 

results  shown  as  plots  of  methane  conversion  as  a function  of 

local  temperature  in  Figures  2-11  and  2-12  indicated  that 

frozen  and  equilibrium  flow  conditions  existed  at  the  low  and 

high  temperature  ranges,  respectively.  The  existence  of  a 

transition  region  between  the  above  limiting  conditions  also 

occurred.  This  chemical  non-equilibrium  zone  was  found  to 

occur  between  2500°R  and  3200°R  for  methane  and  helium-methane 

2 

gas  flow  over  a wide  range  of  mass  flux  (0.018-0.07  lb/ft  sec), 
char  thickness  (0.021-0.033  ft),  and  initial  methane  composition 
(12-100mole  %)  values.  The  following  reactions  were  considered 
to  take  place  within  the  carbon  matrix. 

2CH.  - C.,H,  + H„ 

4 2 6 2 

C2H6  "*  C2H4+H2 
c2h4  - c2h2  + h2 


(2-81) 


Transition 
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Maximum  Temperature,  °R 

Figure  2-11.  Frozen,  Transition  and  Equilibrium  Regions  for  the  Thermal 
Decomposition  of  Methane  to  Carbon  and  Hydrogen  in  a Porous  Carbon  Matrix 


100 


70 


Figure  2-12.  Frozen,  Transition  and  Equilibrium  Regions  for  the  Thermal 
Decomposition  of  Methane  to  Carbon  and  Hydrogen  in  a Porous  Carbon  Matrix 
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Comparison  of  the  results  for  two  grades  of  carbon  were  presented 
These  results  were  compared  with  gas  chromatographic  analyses 
of  the  exit  gases  as  a function  of  temperature,  and  are  pre- 
sented in  Figures  2-11  and  2-12.  Some  differences  between 
the  experimental  and  calculated  results  were  attributed  to 
differences  in  the  internal  pore  structure  which,  according 
to  the  author,  changed  the  thermal  conductivity  of  the 
specimens . 

The  internal  pore  structure  may  certainly  change  from 
specimen  to  specimen.  However,  more  importantly,  were  the 
changes  resulting  from  carbon  deposition.  The  densif ication 
effect  resulted  from  the  degradation  of  methane  to  hydrogen 
and  carbon  within  the  carbon  and  graphite  specimens.  This 
fact  was  also  noted  by  pressure  drop  measurements  and  in 
post-experimental  investigations  of  the  specimens  by  photo- 
micrographic analysis. 

In  order  to  summarize  the  research  of  Clark  (4)  presented 
in  the  foregoing  sections,  three  important  conclusions  are  stated 
(1)  There  was  a noted  temperature  lag  between  the  gas  and 
solid  phases  within  the  porous,  resistance  heated  matrices. 
These  large  differences  were  primarily  a result  of  the 
high  initial  temperature  gradient  (2000-3000°R)  at  the 
back  surface  produced  by  the  resistance  heating  technique 
to  achieve  high  temperatures  (3000-4000° R)  within  the 
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matrix.  When  using  a radiant  heating  device  where  the 
initial  temperature  gradient  is  significantly  smaller 
(gas  = 600°R,  back  surface  = 1200°R),  the  assumption  of 
thermal  equilibrium  should  be  a very  good  approximation 
to  the  actual  behavior  for  a one  dimensional  gas  flow 
through  a porous  char. 

(2)  Although  the  choice  of  methane  gas  as  a typical 
hydrocarbon  pyrolysis  product  was  an  over  simplification, 
the  identification  of  a transition  region  within  the 
porous  matrix  was  very  relevant.  This  region,  defined 
when  methane  gas  flow  in  the  porous  specimen  changes 
from  a frozen  to  a chemical  equilibrium  flow,  occurred 
between  2500°R  - 3200°R.  Since  ablative  heat  shields 

on  reentering  spacecraft  experience  temperatures  between 
1500° R and  5000° R across  the  char  layer,  this  non- 
equilibrium, transition  region  could  be  an  important 
mode  of  energy  absorption. 

(3)  Carbon  deposition  in  the  pores  of  the  various  speci- 
mens was  caused  by  the  thermal  cracking  of  methane  to 
carbon  and  hydrogen.  A noted  increase  in  the  amount  of 
carbon  deposited  was  observed  for  increases  in  tempera- 
ture since  the  pyrolysis  of  methane  became  more  pronounced 
at  the  higher  temperatures.  This  latter  conclusion 
supported  the  results  of  Weger,  e_t.  aT.  (5,6)  discussed 


in  the  following  section. 


Carbon  Deposition  Studies  by  Weger,  e_t.  al.  (5,6):  The  basic 

objectives  of  Weger,  et.  al.  (5,6)  were  to  obtain  reliable 
experimental  data  necessary  for  developing  analytical  models 
for  predicting  changes  in  the  physical  properties  of  the  char 
zone  during  reentry.  Emphasis  was  placed  on  the  chemical  reac- 
tions taking  place  between  the  pyrolysis  gas  products  and  the 
char  resulting  in  either  carbon  deposition  or  depletion. 

This  change  in  carbon  density  within  the  char  produced 
variations  in  such  properties  as  porosity,  permeability  and 
tortuosity. 

In  the  first  of  two  reports,  Weger,  e_t.  al.  (5)  studied 
the  flow  of  methane  and  nitrogen-methane  mixtures  within 
chars,  and  carbon  or  graphite  specimens  having  porosities 
between  0.20  - 0.35.  In  the  second  report,  (6),  the  inves- 
tigations were  extended  to  include  such  gases  as  acetylene, 
hydrogen,  carbon  monoxide,  water,  methane  and  mixtures  of 
these  to  better  simulate  the  pyrolysis  products  from  nylon- 
phenolic  resin  composites. 

In  both  studies  an  induction  furnace  was  used  to  heat 
the  porous  specimens.  The  gas  flow  was  passed  radially  through 
the  cylindrical  chars  which  were  heated  to  temperatures 
between  2500° F and  4000° F.  The  exit  gas  stream  was  analysed 
by  gas  chromatography  and,  in  the  case  of  methane  (5),  compared 
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with  values  calculated  using  reaction  rate  data.  Photomicro- 
graphs and  pressure  drop  measurements  on  the  specimen  were 
also  made. 

In  order  to  describe  the  flow  of  gases  through  porous 

media,  a modified  form  of  Darcy's  Law  was  used.  This  form 

included  a term  that  accounted  for  inertial  effects  resulting 

2 

from  the  relatively  large  mass  flux  values  (0.01-0.04  lb/ft  sec) 
studied.  This  equation  is: 

dP  2 

‘ d7  “ <^Vy  + pPVy  (2-82) 


where  a and  g were  the  viscous  and  inertial  coefficients  and 
p,,  p and  v^  were  the  viscosity,  density,  and  radial  component 
of  the  gas  velocity.  Integration  of  equation  (2-82)  over  the 
specimen  wall  thickness  resulted  in  an  expression  for  the 
pressure  distribution. 


(2-83) 


In  addition  to  the  pressure  distribution,  Weger,  et . al . 
developed  an  equation  relating  the  change  in  permeability  of 
the  specimen  as  a function  of  experimental  time.  This  value, 
called  the  mobility,  was  defined  as  the  ratio  of  the  permea- 
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bility  at  any  instant  during  the  experiment  to  the  permea- 
bility of  the  material  prior  to  gas  flow  through  the  pores 
(y/y  )•  It  was  a measure  of  the  resistance  to  flow  caused 
by  carbon  deposition  and  was  derived  for  the  first  order 
decomposition  of  methane  gas  to  carbon  and  hydrogen.  In 

differential  form,  the  mobility  equation  is: 

l 


5M| 
St  Jy 


P „y  (ri+y> 

ClM(^)E*P[C2;o  Q — dy] 


nCH4  r y 

1 + <— h L1  ' EXP  [C2 


(rx+y) 


(2-84) 


where  r ^ , is  the  radius  of  the  inside  wall  and  the  subscript 
1 indicated  evaluation  of  the  parameter  at  the  inside  wall 
surface.  A detailed  derivation  can  be  found  in  the  original 
work  by  Weger,  et.  al.  (5).  No  mobility  calculations  were 
presented  in  the  second  report  (6)  for  the  non-equilibrium 
flow  of  the  other  gases  that  were  studied.  However,  a quali- 
tative discussion  of  the  various  reactions  and  associated 
reaction  rate  expressions  was  presented. 

In  order  to  solve  equations  (2-83)  and  (2-84)  for  the 
pressure  and  mobility  distributions  within  the  specimen,  the 
value  of  the  total  volumetric  flow  rate,  Q,  must  be  specified. 
This  value  was  calculated  for  methane  assuming  the  ideal  gas 


equation  of  state: 
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RT 


Q P + (nGH4)o  “ nCH4  ^ 


(2-85) 


where  n represented  the  total  number  of  moles  present  and  the 
subscript,  o,  indicated  initial  values. 

The  instantaneous  value  of  the  methane  concentration  was 
determined  by: 


nCH4  ■ Exp 


[si; 


y M£(r1+y) 


dy  J (2-86) 


The  constants  and  in  the  above  equations  were  evaluated 

from  methane  decomposition  data  as: 

n 

Pt  (MW), 


RTp- 


(2-87) 


and 


C2  = -2k°Exp  [-— ] nUQ 


(2-88) 


where  k°  was  the  frequency  factor  in  the  reaction  rate  equation, 
E was  the  activation  energy,  (Mw)  was  the  molecular  weight  of 
the  carbonaceous  deposit  and  was  the  density  of  the  deposited 
carbon.  The  subscripts  1 and  2 referred  to  the  inside  and 
outside  surfaces  of  the  specimen  in  the  above  equations. 

The  simultaneous  solution  of  equations  (2-83),  (2-84), 
(2-85)  and  (2-86)  resulted  in  the  desired  values  for  the 


mobility,  M;  the  flow  rate,  Q;  the  pressure,  P;  and  the  methane 
concentration,  n^  s as  a function  of  experimental  time.  The 
comparison  of  the  calculated  mobility,  and  the  experimental 
values  are  shown  in  Figure  2-13.  As  seen,  very  good  agreement 
was  obtained  between  the  calculated  values  based  on  reaction 
kinetics  data  for  methane  and  the  experimental  data. 

Similar  curves  were  presented  for  the  other  gases  studied 
in  the  second  part  (6)  of  the  investigation.  With  reference 
to  Figures  2-13  and  2-14,  methane  and  acetylene  decomposition 
resulted  in  decreased  values  of  mobility  with  time.  This  was 
due  to  carbon  deposition  as  indicated  by  the  following  reactions 


CH.  , . C,  . + 2H„  , v 
4(g)  (s)  2(g) 


(2-89) 


C2H2(g) 


2C , . + H \ 
(s)  2(g) 


(2-90) 


The  much  sharper  decrease  in  the  mobility  for  acetylene  was 
attributed  to  the  formation  of  twice  the  amount  of  solid  carbon 
per  mole  of  gas  as  indicated  in  reactions  (2-89)  and  (2-90) . 

Carbon  monoxide  and  hydrogen  flow  did  not  effect  a 
permeability  change  indicating  no  carbon  deposition  or  deple- 
tion over  the  2500° F - 4000° F temperature  range  studied. 

These  results  were  supported  by  various  literature  sources 
(5,6)  which  indicated  equations  (2-91)  and  (2-92)  to  be 


( °A,/A)  « W ‘^JTm°W 


Figure  2-13.  Experimental  and  Calculated  Values  of  the  Mobility  for  Methane 

Helium  Flow  Through  Porous  Media. 
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(°A/A,)  = W 


Figure  2-14.  Experimental  Values  of  the  Mobility  for  Acetylene-Helium  Flow 
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significant  only  above  4500°R. 


2C0.  , C0o  . . + C,  , 
(g)  2(g)  (s) 


(2-91) 


2H0/  + C.  . 52  CH.  . . 

2(g)  (s)  4(g) 


(2-92) 


Water,  as  steam,  reacted  with  the  porous  specimen  to 
deplete  carbon.  This  fact  was  supported  by  a sharp  increase 
in  the  mobility  with  time  shown  in  Figure  2-15.  The  net 
reaction  occurring  was  written  as: 


H2°(g)  +C(£)  =C0(S)  +H2(8>  (2‘ 

where  was  defined  as  a free  active  site  on  the  specimen 

surface.  A mechanism  was  presented  relating  the  transition 
of  interior  carbon  atoms  to  carbon  at  an  active  location. 

The  water-gas  shift  reaction  was  also  indicated  to  occur 
explaining  the  presence  of  carbon  dioxide. 


CO 


(g) 


+ H2°(g) 


CO 


2(g)  + H2(g) 


(2-94) 


Results  were  also  presented  for  various  mixtures  of  the 
gases  studied  shown  in  Figures  2-16,  2-17  and  2-18,  The 
most  significant  conclusion  was  that  above  2200° F hydrogen 


Figure  2-15.  Experimental  Values  of  the  Mobility  for  Water-Helium  Flow 

Through  Porous  Media. 


0.0 
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Figure  2-18.  Experimental  Values  of  the  Mobility  for  the  Flow  of  Various 

Gas  Mixtures  Through  Porous  Media. 


85 


did  not  affect  the  decomposition  of  methane.  Below  this  tempera- 
ture a noted  decrease  in  the  decomposition  rate  of  methane 
was  observed. 

In  summary,  the  research  of  Weger,  e_t.  al.  was  not  only 
important  in  defining  the  types  of  reactions  contributing  to 
carbon  deposition  and  depletion,  but  equally  valuable  in 
establishing  a relationship  between  the  non-equilibrium 
decomposition  reactions  (for  methane)  and  the  physical 
property  changes  within  the  char.  In  experiments  where  no 
carbon  deposition  or  depletion  resulted,  the  permeability 
of  the  porous  materials  was  constant.  However,  sharp  changes 
were  measured  when  deposition  or  depletion  of  carbon  occurred. 

The  materials  studied  were  low  porosity  specimens  (0.20  - 
0.35),  and  the  effect  of  these  changes  in  higher  porosity  chars 
(>0.5)  was  not  determined.  It  was  also  found  that  the 
modified  form  of  Darcy's  law  including  inertial  and  viscous 
terms  predicted  the  pressure  drop  across  the  porous  specimens 
more  accurately  than  the  form  neglecting  inertial  effects. 

Summary  of  Previous  Research  on  Flow  in  the  Char  Zone : 

In  the  foregoing  sections  * ! sevefal  methods  for ' analysing ! thermal 
and  chemical  non-equilibrium  flow  of  fluids  through  porous 
media  were  reviewed.  A considerable  amount  of  information 
pertaining  to  the  problems  associated  with  the  formulation 
of  an  accurate  mathematical  model  for  predicting  energy 
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transfer  in  the  char  layer  was  presented.  These  results  are 
especially  useful  in  evaluating  the  magnitude  of  the  terms 
in  the  equations  of  change  to  develop  a model  of  the  energy 
transfer  in  the  char  zone.  The  important  conclusions 
obtained  from  the  discussed  works  by  Koh  and  del  Casal 
(1,2,3),  Clark  (4)  and  Weger,  el:,  al.  (5,6)  are  presented 
below  with  this  idea  in  mind. 

Thermal  Equilibrium  Between  the  Gas  and  Char:  The  existence 

of  thermal  equilibrium  between  the  gas  and  solid  phases 
greatly  reduces  the  complexity  of  the  equations  of  change 
required  to  describe  the  system  (1).  A slight  difference  in 
the  local  gas  and  solid  temperatures  is  likely  to  exist; 
however,  the  effect  on  energy  transfer  within  the  char  is 
small . 

Clark  (4)  reported  differences  of  200°R  to  800°R  at  the 

midpoint  of  0.021  - 0.033  foot  thick  graphite  and  carbon 

matrices  over  a wide  range  of  mass  flux  values,  0.018  to 
2 

0.07  lb/ft  sec.  These  large  differences  were  a result  of  the 
initial  gradient  (2000-3000°R)  between  the  gas  and  solid 
at  the  matrix  back  surface.  This  abnormally  large  gradient 
is  produced  by  the  resistance  heating  apparatus  used  to  simu- 
late high  temperature  reentry  (^4000°R),  and  is  not  repre- 


sentative of  the  condition  at  the  back  surface  of  the  char. 
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Instead,  the  pyrolysis  gas  and  char  back  surface  temperatures 
are  approximately  equal  to  the  plastic  decomposition  tempera- 
ture CJ.500°R) . Since  no  large  initial  gradient  between  the 
gas  and  solid  phases  exist,  and,  since  the  trend  within  the 
char  layer  is  toward  thermal  equilibrium,  this  assumption 
should  be  valid. 

Variable  Physical  Properties : The  assumption  of  constant 

physical  properties  is  only  valid  over  a relatively  small 
temperature  range.  However,  in  ablative  cooling  applications 
where  the  temperature  gradient  between  the  front  and  back 
surfaces  exceeds  3000°R,  changes  in  physical  properties  must 
be  expected. 

Koh  and  del  Casal  (1)  noted  a large  difference  in  the 
results  obtained  between  the  constant  and  variable  fluid 
physical  properties  models  when  considering  solid  matrices 
with  porosities  greater  than  0.5.  This  was  apparently 
attributed  to  the  increasing  importance  of  gas  convective  heat 
transfer  in  the  high  porosity  materials.  The  only  modes  of 
energy  transfer  accounted  for  were  gas  convection  and  solid 
conduction.  In  ablative  cooling  using  nylon-phenolic  resin 
chars  with  porosities  between  0.7  - 0.8,  the  gas  convection 
term  will  be  significant  and  hence  properties  must  be  consid- 
ered variable  over  the  large  temperature  range. 

With  regard  to  the  solid  or  char  properties,  Weger,  ej:.  al. 
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(5,6)  found  that  char  porosity  and  permeability  changed  mea- 
sureably  when  carbon  deposition  and/or  depletion  occurred 
within  the  region.  However,  these  results  were  limited  to 
methane  flow  through  low  porosity  materials  (0.2  - 0.35). 

The  effect  of  these  changes  on  the  pressure  drop  and  energy 
transfer  for  high  porosity  materials  (0.7  - 0.8)  was  not 
determined.  Until  more  pertinent  data  are  obtained  such 
that  the  permeability  and  porosity  changes  can  be  incorporated 
into  the  model,  these  values  are  taken  as  constant  in  high 
porosity  chars.  This  is  a very  good  approximation  in  any 
porous  material  if  carbon  deposition  and/or  depletion  is 
negligible . 

Modified  Form  of  Darcy 1 s Law:  The  momentum  equation  for  flow 

through  porous  media  takes  the  form  of  Darcy's  empirical 

equation.  This  equation  relates  the  fluid  velocity  to  the 

pressure  drop  within  the  porous  media.  Weger,  ej:.  aL.  (5,6) 

found  that  a better  prediction  of  the  pressure  drop  across 

the  porous  specimens  tested  was  obtained  when  a modified  form 

of  Darcy's  Law  including  inertial  effects  was  used.  Inertial 

effects  become  significant  for  mass  flux  values  exceeding 
2 

(0.01  lb/ft  sec).  Since  in  ablative  cooling  applications, 

2 

mass  flux  values  as  large  as  0,05  lb/ft  sec  are  encountered, 
the  modified  form  of  Darcy's  Law  should  be  used. 
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Various  Modes  of  Energy  Absorption:  In  all  of  the  papers 

reviewed  dealing  with  the  prediction  of  temperature  distri- 
butions within  porous  media,  gas  convection  and  solid  conduction 
were  included  as  the  major  modes  of  heat  transfer.  Heat 
transfer  by  gas  conduction  was  usually  neglected  as  small  in 
comparison  with  the  above  mentioned  modes. 

Koh  and  del  Casal  (3)  presented  results  which  defined 
clearly  when  gas  conduction  could  be  neglected.  This  occurred 

at  either  high  gas  flow  rates  or  small  temperature  gradients 

2 

across  the  porous  material.  At  low  flow  rates  (<0.01  lb/ft  sec) 
or  large  temperature  gradients  (>2500°R) , energy  absorption 
by  gas  conduction  becomes  important.  Both  of  these  conditions 
are  evident  in  ablation  cooling  applications.  Therefore,  any 
realistic  model  should  include  gas  heat  conduction  in  the 
derived  energy  equation.  Energy  absorption  by  chemical 
reaction  is  also  important  and  will  be  discussed  in  the 
following  section. 

Chemical  Non-Equilibr ium  Flow:  Koh  and  del  Casal  (2),  Clark  (4) 

and  Weger,  et_.  a_l.  (5,6)  recognized  the  importance  of  chemical 
reactions  of  the  flowing  gas  phase  within  the  porous  medium. 

Koh  and  del  Casal  (2)  and  Clark  (4)  considered  chemical  reactions 
an  important  mode  of  energy  absorption,  while  Weger,  e_t.  al. 

(5,6)  used  them  to  explain  changes  in  physical  properties  of 
the  porous  specimens  by  deposition  or  depletion  of  carbon. 
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The  identification  of  a non-equilibrium  or  transition 
region  for  methane  gas  flow  in  carbon  (or  graphite)  specimens 
was  made  by  Clark  (4).  This  transition  region  occurred  between 
2500-3200°R  which  is  well  within  the  range  of  temperatures 
experienced  during  ablation  (1500-5000°R) . It  is  very 
likely  that  the  more  complex  pyrolysis  products  obtained  during 
reentry  would  undergo  similar  transitions  from  a frozen, 
through  non-equilibrium  to  equilibrium  flow  over  a wide  range 
of  temperatures.  Therefore  a non-equilibrium  flow  analysis 
is  required  to  accurately  predict  the  energy  absorption  within 
the  char  layer . 

This  fact  was  likewise  reported  by  Weger,  et^.  al_.  (6) 
who  identified  a variety  of  reactions  among  the  gases  thought 
to  be  a part  of  the  pyrolysis  gas  stream.  The  existence  of 
a chemical  non -equilibrium  reaction  for  methane  was  proven 
by  experimental  measurement  of  carbon  deposition  within  the 
porous  specimens. 

Accurate  Description  of  the  Pyrolys is  Products : In  order  to 

simulate  the  flow  of  gases  resulting  from  the  thermal  decom- 
position of  a nylon-phenolic  resin  composite,  an  accurate 
description  of  the  various  components  must  be  available.  In 
all  of  the  previous  research  to  date,  simplified  gases 
(helium,  methane,  etc.)  or  gas  mixtures  (methane,  carbon  monoxide, 
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carbon  dioxide,  hydrogen,  etc.)  were  used.  While  these 
constitute  a portion  of  the  decomposition  products  expected, 
they  do  not  represent  the  entire  pyrolysis  product  composition. 
Concurrent  with  this  research  is  work  being  done  by  Nelson  (11) 
and  Sykes  (12)  at  N.A.S.A.'s  Langley  Research  Center  to 
identify  the  products  of  pyrolysis.  These  and  other  results 
have  been  used  continually  through  this  study  to  achieve 
an  accurate  description  of  the  pyrolysis  product  stream 
entering  the  back  surface.  A discussion  of  the  methods  of 
selecting  the  species  composition  in  the  pyrolysis  gas 
entering  the  char  zone  is  presented  in  Appendix  G . 

Proper  Chemical  Reactions  and  Associated  Reaction  Kinetic  Data: 
Also  essential  to  a correct  prediction  of  the  energy  transfer 
in  a char  layer  is  the  selection  of  the  proper  chemical  reactions 
for  describing  the  non- equilibrium  flow  of  the  gases.  A 
continuous  search  and  screening  technique  has  been  used 
during  this  study  to  update  the  reactions  included  in  the 
model.  Each  reaction  chosen  for  the  model  must  be  based  on 
the  pyrolysis  products  initially  present  and  those  gases 
leaving  the  char  at  the  front  surface.  The  temperature 
gradient  across  the  char  is  also  an  important  parameter. 

More  difficult  than  finding  specific  chemical  reactions 


is  the  task  of  locating  accurate  kinetic  data  for  those 
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reactions  considered.  This  problem  covers  the  range  of  not 
finding  any  data  to  finding  several  sources  of  data  which  are 
contradictory  in  nature.  In  each  case,  a difficult  solution 
to  the  problem  results.  Much  of  the  technique  used  to  screen 
this  data  is  presented  in  Chapter  III. 

The  above  summary  of  previous  research  has  illustrated 
some  of  the  important  considerations  that  must  be  included 
in  any  realistic  model  used  for  predicting  the  energy  transfer 
in  the  char  zone  of  a charring  ablator.  These  results, 
along  with  other  fundamental  knowledge  regarding  the  ablative 
cooling  process,  form  a basis  on  which  an  accurate  mathe- 
matical model  can  be  formulated.  This  is  the  primary 
objective  of  this  research. 

In  the  following  chapters,  the  equations  of  change  will 
be  developed  subject  to  the  restrictions  defined  by  the 
previous  research  discussed  in  this  chapter.  Solutions  of 
these  equations  for  frozen,  chemical  equilibrium,  and  chemical 
non-equilibrium  flow  will  be  obtained  using  numerical  methods 
of  computation.  Finally,  these  analytical  results  will  be 
compared  with  each  other  and  with  experimental  data  to  deter- 
mine the  reliability  of  the  formulated  flow  model. 
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III.  DEVELOPMENT  OF  THE  MATHEMATICAL  ANALYSIS  FOR 


REACTING  FLOW  IN  THE  CHAR  ZONE  OF  A CHARRING  ABLATOR 


Introduction 

The  momentum,  energy  and  mass  transfer  associated  with 
the  flow  of  the  pyrolysis  products  through  the  char  layer  of 
a char-forming  ablative  plastic  is  considered.  The  pyrolysis 
products,  formed  by  the  thermal  degradation  of  the  plastic 
heat  shield,  enter  the  char  layer  at  the  decomposition  tem- 
perature of  the  plastic.  The  products  experience  a temperature 
increase  as  they  flow  through  the  char  and  undergo  thermal 
cracking  to  lower  molecular  weight  species  which  react  with 
each  other  and  with  the  carbonaceous  char  layer.  These 
predominantly  endothermic  reactions  are  important  modes  of 
energy  absorption  and  must  be  included  in  any  realistic  analysis 
of  the  energy  transfer  in  the  char  layer. 

One  of  the  main  objectives  of  this  research  is  to  develop 
an  accurate  and  realistic  mathematical  model  that  describes  the 
transport  phenomena  in  the  char  zone.  The  description  of  the 
momentum,  energy  and  mass  transfer  within  the  char  will  be 
obtained  by  reducing  the  general  equations  of  change  (continunity, 
momentum  and  energy)  to  forms  applicable  to  non-equilibrium 
flow  in  the  char.  The  resulting  equations  will  also  be  simplified 
for  the  cases  of  frozen  and  equilibrium  flow.  Lastly,  typical 
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boundary  conditions  will  be  specified,  followed  by  a discussion 
of  the  numerical  solution  of  the  equations. 

Statement  of  the  Problem 

The  mathematical  model  describing  the  transport  phenomena 

taking  place  when  pyrolysis  products  pass  through  the  char 

zone  of  a charring  ablator  has  the  form  of  a one  dimensional 

and  steady  flow.  A schematic  diagram  showing  the  pyrolysis 

gas  flowing  through  the  porous  char  layer  is  depicted  in 

Figure  3-1.  As  indicated,  the  pyrolysis  products  enter  the 

char  at  the  decomposition  temperature,  T , and  exit  at  a 

higher  front  surface  temperature,  T . Changes  in  the  mass 

J-i 

flux  of  the  various  species  within  the  char  occur  as  a 

result  of  chemical  reactions  at  finite  reaction  rates,  R.,  A 

J 

pressure  drop  (P  - P ) across  the  char  is  also  experienced. 

O Li 

The  particular  restrictions  and  assumptions  made  in  the 
formulation  of  the  model  will  be  presented  and  justified 
in  the  following  paragraphs.  The  use  of  these  restrictions 
to  simplify  the  general  equations  of  change  will  follow. 

The  solution  of  the  resulting  equations  for  frozen,  equili- 
brium and  non-equilibrium  flow  within  the  char  zone  will 


complete  the  chapter. 
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Restrictions  to  the  General  Equations  of  Change  for  Flow  in 
the  Char  Zone 

To  solve  any  realistic  problem,  certain  simplifying 
assumptions  and/or  restrictions  must  be  applied  which  reduce 
the  complexity  of  the  general  equations  of  change.  In  the 
following  sections,  the  various  restrictions  which  apply  to 
this  particular  problem  are  presented  and  justified. 

One  Dimensional , Steady  Flow  of  Pyrolys is  Products  in  the 
Char  Zone : The  flow  of  pyrolysis  gases  within  the  char  zone 

is  a steady  state  process  since  the  char  thickness  is  constant 
with  respect  to  time  after  an  initial  short,  transient  period. 
During  this  short  period  the  char  layer  builds  up  due  to 
unequal  rates  of  ablation  and  surface  removal.  The  data  of 
Peters  and  Wadlin  (1)  in  Figure  3-2  for  a 50:50  weight  ratio 
nylon-phenolic  resin  ablative  composite  formed  in  a subsonic 
electric  air  arc  jet  shows  this  graphically.  Also  the 
residence  time  of  a particle  of  pyrolysis  gas  fluid  is  very 
short  compared  to  the  rate  of  change  of  the  char  surfaces. 

In  addition  to  the  above,  the  radius  of  curvature  of 
reentering  capsules  (eg.,  Mercury,  Gemini  and  Apollo  spacecraft), 
is  small  in  comparison  with  the  char  thickness  such  that  flow 
is  one  dimensional  and  normal  to  the  front  surface.  This 


restriction  does  not  apply  at  the  edge  where  flow  in  the  radial 


Thickness,  Inches 
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direction  becomes  significant.  However,  this  region  is  small 
in  comparison  with  the  stagnation  region  where  the  maximum 
heating  occurs.  Therefore  the  edge  region  can  be  neglected 
without  serious  etror. 

Ideal  Pyrolysis  Gas  Mixtures : The  pyrolysis  gases  are 

assumed  to  behave  as  an  ideal  gas  mixture  within  the  char 
layer.  This  is  reasonable  when  considering  the  high 
temperatures  (1500  - 5000°F)  and  low  pressures  1 atm.) 
encountered  during  reentry. 

Gas  and  Char  Physical  Properties : Because  of  the  large 

temperature  gradient  across  the  char,  gas  physical  properties 
(heat  capacity,  thermal  conductivity  and  viscosity)  are 
considered  variable  with  temperature.  Variations  with 
temperature  in  the  char  properties  are  not  accounted  for 
based  largely  on  the  absence  of  experimental  data  for  low 
density  nylon-phenolic  resin  chars.  Weger,  et . al . (2) 
reported  variations  in  the  permeability  of  low  porosity 
(0.2  - 0.35)  char  specimens  when  significant  amounts  of 
carbon  deposition  and/or  depletion  occured  at  high  temperatures 
(3000  - 4000°F).  However,  for  the  temperature  range  considered 
in  this  research  (1500  - 3000°F),  carbon  deposition  and/or 
depletion  was  small,  and  thus  the  permeability  could  be 
considered  constant.  Similarly,  the  char  porosity  was  consid- 
ered uniform  and  equal  to  0.8  for  low  density  nylon-phenolic 
resin  chars  (3)  and  0.5  for  graphite  (4). 
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The  variation  of  the  char  thermal  conductivity  with 
temperature  was  accounted  for  by  fitting  empirical  curves  to 
data  reported  by  the  Southern  Research  Institute  (5)  and 
the  Jet  Propulsion  Laboratory  (6)  of  the  California  Institute 
of  Technology.  These  data  are  presented  in  Appendix  C. 

Thermal  Equilibrium  Between  the  Pyrolys is  Products  and  the 
Char:  The  temperatures  of  the  pyrolysis  products  and  the  char 

at  any  section  normal  to  the  flow  were  assumed  equal.  There 
is  a difference  between  the  gas  and  the  char,  but  it  is 
generally  small.  This  is  supported  by  data  presented  by 
Koh  and  del  Casal  (7)  in  which  a maximum  temperature  difference 
of  300° F was  determined  for  the  flow  of  air  and  helium  through 
packed  beds  of  spheres.  The  maximum  temperature  of  the  matrix 
was  2700° F and  the  range  of  Reynold's  Numbers  and  porosities 
were  62-862  and  0.2-0.35,  respectively. 

Clark  (4)  also  investigated  thermal  equilibrium  for  methane 
and  me thane -helium  flow  through  porous  graphite.  This  work  had 
very  large  temperature  gradients  (1600  - 2700° F)  between  the 
phases  at  the  inlet  surface,  and  showed  a rapid  approach  to 
thermal  equilibrium  within  the  porous  graphite.  For  example,  a 
difference  of  3200°R  at  the  back  surface  was  reduced  to  600°R  half 
way  through  the  char  and  to  300°R  at  the  three-quarters  point. 

Momentum  Transfer  in  the  Char  Zone : The  modified  form 

of  Darcy's  Law  was  used  to  model  the  momentum  transfer  within 
the  char  zone.  This  was  based  on  the  research  of  Weger, 
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et.al . (2).  It  was  shown  in  this  work  that  the  modified  form, 
including  an  inertial  term,  gave  a more  accurate  prediction  of 
the  experimental  data  for  mass  flux  values  of  the  order  of 
0.05  lb/ft2-sec. 

PV  Work  and  Viscous  Dissipation:  The  pressure  drop  across 

a one-quarter  inch  thick,  low  density,  nylon- phenolic  resin 

2 

char  was  experimentally  measured  to  be  approximately  15  lb/ft 

2 

for  a pyrolysis  gas  mass  flux  of  0.05  lb/ft  -sec.  and  a front 
surface  temperature  of  2000° F.  The  PV  work  contribution  to 

3 

the  energy  transport  is  1.2  BTU/ft  -sec.  The  convective 
energy  term  in  the  energy  equation  evaluated  at  the  back 
surface  where  the  temperature  gradient  is  smallest,  (about 

3 

40,000°F/ft)  is  1000  BTU/ft  -sec  for  an  average  gas  heat  capacity 
of  0.5  BTU/10°F.  From  this  comparison  energy  dissipation  by 
PV  work  can  be  omitted  from  the  analysis  without  error. 

Furthermore,  since  the  velocity  (^.5  ft/sec)  and  the 
viscosity  (~0.05 cp)  of  the  gas  mixture  are  small,  energy 
generated  by  viscous  dissipation  is  omitted  from  the  energy 
equation. 

Diffusional  Transport : Energy  or  mass  transport  by 

diffusion  is  negligibly  small  in  comparison  with  the  bulk 

fluid  transport.  The  average  residence  time  of  a gas  particle 

in  a one-quarter  inch  thick  char  layer  is  0.01  seconds  for  a 

2 

mass  flux  value  of  0.05  lb/ft  -sec. 

Work  Against  Gravity:  For  horizontal  flow  of  pyrolysis 
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gases  through  the  porous  char,  work  against  gravity  is  zero. 

The  application  of  the  above  restrictions  to  the  general 
equations  of  change  for  flow  of  pyrolysis  gases  within  the 
char  zone  of  a charring  ablator  is  discussed  in  the  next 
section  of  this  chapter. 

Derivation  of  the  Equations  of  Change  for  Flow  in  the  Char  Zone 
Species  Continuity  Equation:  With  reference  to  Figure  3-1, 

the  continuity  equation  for  species  i of  a gas  mixture  flowing 
through  a porous  medium  is  (8) : 

Dpi 

— = -p . ( 7 «v)  ~ ( V • j.  ) + R.  (3-1) 

Dt  1 1 

where  is  the  concentration,  j^,  the  mass  flux,  R_,  the 

rate  of  production  by  chemical  reaction  of  species  i and  v is  the 

velocity  of  the  pyrolysis  products  within  the  pores. 

For  the  one-dimens ional , steady  flow  of  pyrolysis  gases 
through  the  char  zone,  neglecting  mass  transport  by  diffusion, 
equation  (3-1)  reduces  to: 

(Piv)  = R. 


_d 

dz 


(3-2) 
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Summing  the  species  continuity  equations  over  all  the 
gas  species  in  the  mixture  gives  the  overall  continuity 
equation: 


0 


(3-3) 


which  assumes  no  mass  loss  or  increase  due  to  formation  or 
depletion  of  the  solid  phase. 

Integration  between  the  back  surface,  z = 0,  and  any  point, 
z,  within  the  char  results  in  equation  (3-4): 


(Pv)z 

j d(Pv) 

(Pv)o 


[(pv)z  “ (pv)Q  = 0 


(3-4) 


This  equation,  defining  the  gas  mass  flux  as  the  product 
of  the  gas  density  and  velocity,  is  equivalent  to  the  statement 
that  the  gas  mass  flux  is  constant  through  the  char; 


W = nv  = constant 
P M 


(3-5) 


where  W is  the  mass  flux  based  on  the  cross  sectional  area  of 
P 

2 

voids  in  the  char  (units  of  lb. /ft  vo^(js*sec)  • The  mass  flux 
based  on  the  total  area  is  given  by  the  following  equation: 
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W = €Wp  (3-6) 

2 

where  W has  the  units  lb/ft  -sec. 

total 

In  the  above  formulation  the  change  in  pyrolysis  gas  mass 
flux  is  considered  small  resulting  from  deposition  and/or 
depletion  by  chemical  reactions.  In  the  event  there  is  a 
significant  change  in  the  pyrolysis  gas  mass  flux  due  to 
chemical  reactions  the  appropriate  form  of  the  species  conti- 
nuity equations  must  be  incorporated  into  the  analysis  as  will 
be  discussed  subsequently. 

Momentum  Equation:  The  momentum  equation  for  flow  through 

porous  media  was  formulated  by  H.  P.  G.  Darcy  in  1856  (7) . 

Darcy  observed  during  experiments  with  a one-dimensional 
packed  bed  that  gas  velocity  at  any  point  in  the  bed  was 
directly  proportional  and  in  the  same  direction  as  the 
pressure  gradient  at  that  point.  In  vector  notation,  including 
the  effect  of  body  forces  when  considering  a vertical  flow 
direction,  Darcy's  Law  is: 

* ' '(£)  <7P,  ‘ pi)  <3'7) 

Applying  this  equation  to  a one-dimensional,  horizontal  flow 
through  a porous  char  layer  and  solving  for  the  pressure 


gradient  gives: 
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“I  = <3”8> 

This  equation  is  valid  at  low  gas  velocities  within  the  porous 
medium.  However,  at  high  gas  velocities  the  addition  of  a 
term  to  account  for  inertial  effects  is  included.  This  additional 
term  leads  to  a modified  form  of  Darcy's  law. 

"df  = (y)(v€>  + Mv*>2  (3-9) 

Multiplying  both  sides  of  equation  (3-9)  by  the  gas  density,  p, 
followed  by  substitution  of  the  ideal  gas  equation  of  state 
(p  = on  the  left  hand  side  of  the  equation  results  in 

equation  (3-10): 

-[(“lr]d!  ■ e + Sc2  (v*>2  (3-10> 

Substitution  for  the  mass  flux,  W,  with  rearrangement  gives: 

- PdP  = (|^)  fA(W)  + p(W)21  (3-11) 

Integration  of  equation  (3-11)  between  the  front  surface 
pressure  (P  = P at  z = L) , and  any  point  within  the  char  layer, 
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(P  at  z),  results  in  an  integral  equation  for  the  pressure 
distribution  over  the  char. 


■ {' 


+ 2Ri 


-fL  (-) 

Jz  Y 


(W) 


(jf) 

w 


dz  + 


] e<;f>(w>Vi}1/2 

**  *7  T.T 


(3-12) 


In  this  equation  all  parameters  that  vary  with  temperature 
(hence,  char  distance)  are  left  under  the  integral  signs. 

These  variations  are  calculated  by  polynomials  in  temperature 
and  from  the  simultaneous  solution  coupled  from  the  energy 

2 

equation  since  the  pressure  changes  are  small  ( 15  lb  /ft  ) 

2 

compared  to  the  total  pressure  (~  2000  lb^/ft  ). 

Energy  Equation:  The  form  of  the  general  energy  equation 

for  a gas  mixture  containing  K species  is  (8): 


pC 


P 


DT 

Dt 


K 

(V  . q)  - (T  : V v)  + £ (j  . g ) 

i=l 


+ (• 


dlnV 

dlnT; 


P,x, 


K 


S H.  [(  V-  J.)  - R.] 


(3-13) 


The  above  equation  is  applied  to  one  dimensional,  steady  flow 
of  gases  in  the  char  zone.  Neglecting  energy  by  viscous 
dissipation,  work  against  gravity  and  energy  transfer  by 


diffusion,  the  result  is: 


Ill 


pC 


dt 
p dz 


_d_  , s , ,SlnV. 
dz  (qz}  + glnT 


P,x. 


dP 

^dz 


K 

E H.R. 
i-1  1 1 


(3-14) 


Furthermore,  for  an  ideal  gas  (^r~) 

^lnl 


1,  and  neglecting  the 


P,x, 


work  by  pressure  forces  across  a high  porosity  char,  equation 
(3-14)  simplifies  to: 


5 v^ 

13  p dz 


d K 

— ( q ) - E H.R. 
dz  nz'  . . l r 
i=l 


(3-15) 


where  q 

z 


is  given  by  Fourier's  Law  of  heat  conduction: 


q 


z 


dT 
g dz 


(3-16) 


Substitution  for  the  mass  flux,  W,  from  equation  (3-6) 
and  multiplication  of  each  side  by  the  porosity,  g,  to  obtain 
the  gas  phase  contribution  to  the  total  energy  transfer  in  the 
char  zone  gives: 


— ) - 
g dz; 


K 

■ E H.R. 
i-1  1 1 


(3-17) 


Similarly,  for  the  solid  porous  medium,  neglecting  heat 
transfer  by  convection,  the  general  energy  equation  reduces 
to  the  following  form  for  one  dimensional  heat  conduction  with 
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chemical  reaction. 


(i  - c)  t-  (k  r)  - (1  ■ e)  H R 
* dz  c dz  v ' c c 


= 0 


(3-18) 


The  addition  of  equations  (3-17)  and  (3-18)  gives  the  equation 
for  the  total  energy  transfer  in  the  char: 


dT 

fC  W — 
p p dz 


K+l 

E 

i=l 


H.R. 
l l 


(3-19) 


where  represents  an  effective  thermal  conductivity  defined  as: 


ke  = fkg  + <1  ' €>  kc  (3-20) 


K+l  K 

and  £ H.R.  = e S H.R.  + (1  - e)  H R (3-21) 

. ,11  .,ii  * c c v 7 

1=1  1=1 


represents  the  energy  absorption  by  chemical  reactions  based 
on  the  total  volume  of  char.  The  solution  of  equation  (3-19) 
will  give  the  temperature  distribution  in  the  char  layer. 

In  addition  to  the  equations  of  change  just  developed,  one 
additional  equation  is  considered.  This  is  the  equation  for 
the  net  heat  absorption  within  the  char  zone. 

Heat  Flux  Equation:  The  heat  flux  equation  determines  the 

net  heat  transfer  within  the  char  layer  of  a charring  ablator. 


113 


It  is  defined  as  the  difference  in  the  heat  flux  value  at  the 
back  and  front  surfaces  of  the  char. 


(qc  " qo} 


(k  ^) 

{ e dz\ 


<k  f) 

e dz 


(3-22) 


Solving  for  (k  ^)  from  the  energy  equation  (3-19)  by  integration 
between  the  front  and  back  surface  temperatures  gives  the 
equation  needed  to  evaluate  the  net  heat  flux  within  the  char. 


K 

E 

i=l 


€w  c 

p Pi 


x.dT 

1 


K+l 

+ E 
i=l 


H.R.dT 

l l 


(3-23) 


In  equation  (3-23),  the  first  term  represents  heat  absorbed 
by  sensible  enthalpy  change  and  the  second  term  accounts  for 
heat  absorption  by  chemical  reaction. 

In  summary,  the  important  differential  equations  for 
describing  the  flow  of  pyrolysis  products  in  the  char  layer 
are  shown  in  Table  3-1.  The  next  sections  will  discuss  these 
equations  in  terms  of  the  various  models  used  to  describe 
the  flow  within  the  char  (i.e.,  frozen,  equilibrium,  and 
non- equilibrium  flow).  Typical  boundary  conditions  will  be 
discussed  for  the  solution  of  the  equations.  The  development 
of  the  numerical  solution  techniques  will  complete  the  theo- 


Table  3-1.  Summary  of  the  Important  Equations  Related  to  the  Flow  of  Pyrolysis  Products 

in  the  Char  Zone. 
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(3-23) 
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retical  discussion. 

Boundary  Conditions  for  the  Flow  of  Pyrolysis  Products  Through 
the  Char  Zone 

There  are  two  important  sets  of  boundary  conditions  that 
can  be  specified  to  obtain  solutions  to  the  equations  of 
change.  The  first  set  specifies  the  pressure  and  temperature 
at  the  front  surface,  and,  the  temperature  and  pyrolysis  gas 
composition  entering  the  back  surface  of  the  char.  These 
are  shown  in  statements  (3-24)  and  (3-25) . 

at  z = L (3-24) 


(i  = 1,2,3,...,  K)  at  z = 0 

(3-25) 

These  conditions  for  mass  flux,  W,  as  a parameter  make  the 
solution  of  the  energy  equation  a two  point  boundary  value 
problem.  This  requires  an  iterative  solution.  Because  PV 
work  was  negligible  in  the  energy  equation,  the  momentum 


and 


T = T„ 


P = P. 


x.  = x . 
r i 
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equation  (modified  Darcy's  law)  can  be  used  to  compute  the 
pressure  distribution  after  a solution  of  the  energy  equation 
is  obtained  using  an  average  pressure  in  the  char.  The  heat  flux 
at  the  char  front  surface  is  also  calculated  using  equation 
(3-23) . The  computer  program  used  for  these  solutions  is 
called  the  Iterative  TEMPRE  System  (IT)  and  is  discussed  in 
Appendix  A. 

The  second  set  of  boundary  conditions  specifies  the 
temperature,  initial  pyrolysis  gas  composition  and  the  sum 
of  the  heat  of  pyrolysis  and  the  heat  conducted  in  the 
virgin  plastic  at  the  back  surface  of  the  char,  q . 

T = T 

o 

x.  = x.  ; (i=  1,2,3,...,  K) 

1o 

q = - (k  ~)  at  z = 0 (3-26) 

p e dz 

For  mass  flux,  W,  and  q^  as  parameters,  the  solution  of  the 
energy  equation  as  an  initial  value  problem  can  be  obtained. 

This  does  not  require  an  iterative  solution  as  did  the  first 
case.  To  be  useful,  however,  a parametric  study  of  the  mass 
flux  and  q^  is  needed  over  the  range  of  values  expected  during 
reentry. 

In  order  to  calculate  the  pressure  distribution  within 
the  char,  the  front  surface  pressure  is  again  specified. 
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P = P at  z = L (3-27) 

J_i 

The  heat  flux  and  pressure  distribution  calculations  are  the 
same  as  those  made  in  the  Iterative  TEMPRE  System.  The  computer 
program  for  this  method  of  solution  is  called  the  Non-Iterative 
TEMPRE  System  (NIT). 

Both  systems  are  discussed  in  detail  in  Appendices  A 
and  B where  a complete  block  flow  diagram  and  program  listing 
are  presneted.  The  particular  application  of  the  equations 
of  change  and  the  above  boundary  conditions  to  frozen, 
equilibrium  and  non-equilibrium  flow  of  pyrolysis  gases 
within  the  char  layer  will  be  developed  in  the  next  section. 

Application  of  the  Transport  Equations  to  Frozen,  Equilibrium 
and  Non- Equilibrium  Flow  in  the  Char 

As  mentioned  in  the  Introduction,  there  are  two  limiting 
cases  currently  used  to  simplify  the  analysis  of  the  flow  of 
pyrolysis  gases  through  the  char  zone.  These;are  to  consider 
the  flow  to  be  either  frozen  or  in  thermodynamic  equilibrium. 
This  research  deals  with  the  development  of  a third  model, 
one  for  non- equilibrium  flow,  which  will  predict  more  accurately 
the  actual  behavior  within  the  char  layer.  In  this  section 
the  equations  of  continuity,  momentum,  energy  and  surface 
heat  transfer  will  be  applied  to  develop  each  of  the  three 
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flow  models . In  a subsequent  chapter,  the  solutions  of  the 
particular  equations  for  each  model  will  be  compared  with 
each  other  and  with  experimental  data.  In  this  way  the  accuracy 
of  the  analysis  for  non-equilibrium  flow  in  the  char  zone 
can  be  evaluated  and  the  extent  to  which  the  two  limiting 
cases  predict  the  behavior  can  be  determined. 

Frozen  Flow:  The  frozen  flow  model  is  an  idealization 

in  which  the  pyrolysis  products  entering  the  char  zone  do  not 
change  in  composition  as  they  pass  through  the  medium.  There- 
fore, any  benefit  from  the  energy  absorbed  by  the  predominantly 
endothermic  chemical  reactions  which  occur  between  the  gases 
and  char  is  not  obtained.  It  specifies  a lower  limit  on 
the  amount  of  energy  absorbed  in  the  char  zone.  Of  the  three 
cases  it  is  the  simplest  because  the  chemical  reaction  terms 
in  the  energy  and  heat  flux  equations  are  zero; 

K+l 

£ H.R.  = 0 

.,11 
1=1 

Applying  this  to  the  equations  of  change  developed 
previously  results  in  the  following  simplifications  for 
frozen  flow  in  the  char  layer. 


Continuity  Equation 


constant 


(3-6) 
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Momentum  Equation 


P - {pj  + 2Rj  M(W)  (S  )dz  + 
Z “ w 


J P(£-)(W)  2d41/2  (3-12) 

Z w 


Heat  Flux  Equation 


K T 

% = (qT  - q ) = E f fW  C X.dT 

z L ° i=1JT  P Pt  i 

o 


(3-28) 


Energy  Equation 


p tt  A - An  dT-i 
e p p dz  dz  [ e dz-1 


(3-29) 


The  numerical  solution  of  these  equations  will  be  discussed 
in  a later  section.  Typical  results  for  constant  and  variable 
physical  properties  are  presented  in  Appendix  A. 

Equilibr ium  Flow:  The  equilibrium  flow  in  the  char  zone 

gives  an  upper  limit  on  the  amount  of  heat  that  can  be 
absorbed  within  the  char  zone.  The  reason  is  that  the  reactions 
occuring  within  the  char  are  predominately  endothermic. 

The  set  of  equations  used  to  describe  flow  for  this  case  is 
the  same  as  the  equations  developed  previously:  continuity 
(3-6),  momentum  (3-12),  energy  (3-19),  and  heat  flux  (3-23). 

The  distinguishing  feature  lies  in  the  method  used  to  calculate 
the  energy  absorption  by  chemical  reactions: 

K+l 

T,  H.R.  ^ 0 

i=l  1 1 
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Rewriting  the  species  continuity  equation,  (3-2),  in  terms  of 
the  mole  flux  of  species  i gives: 


R. 

1 


s?(wV 


dT 

dz 


(3-30) 


K+l 

Therefore,  in  order  to  evaluate  the  term,  V H.R.,  the  mass 

. , l l 

i=l 

flux,  W,  and  the  mass  fraction,  x.,  of  the  species  in  the  gas 
and  solid  phases  must  be  known  as  a function  of  temperature. 

The  species  composition  and  molal  ratio  of  gases  to  carbon 
are  a function  of  temperature,  pressure  and  elemental  compo- 
sition of  the  virgin  plastic  and  can  be  calculated  by  one  of  the 
many  approaches  in  the  literature  (10,11).  In  this  study, 
the  free  energy  minimization  technique  was  used.  The  following 
section  outlines  the  important  points  of  this  method. 

Equilibrium  Compositions  by  Free  Energy  Minimization:  When 

several  reactions  occur  between  a number  of  species,  the 
composition  resulting  at  equilibrium  depends  on  the  simul- 
taneous equilibrium  for  all  separate  reactions.  The  criteria 
for  this  equilibrium  in  a chemically  reacting  system  at  constant 
temperature  and  pressure  is  that  the  free  energy  change  is 
zero  or  that  the  total  free  energy  of  the  mixture  is  a 
minimum.  The  free  energy  change  for  a reaction  is  considered 
a driving  force  which  makes  the  reaction  approach  equilibrium. 

It  is  also  a measure  of  the  departure  of  the  reacting  system 
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from  an  equilibrium  state. 

Consider  a mixture  containing  q chemical  species  (K 
gaseous  species  and  K + 1 to  q condensed  species)  formed  from 
m chemical  elements.  The  free  energy  function  at  constant 
temperature  and  pressure  of  species  i (assuming  ideal  behavior) 
can  be  expressed  as: 

n . 

f.  = + InP  + In  (*-—■)  ; 1 ^ i sK  (3-31) 

r,gas  ill 

K 

where  n = £ n.  (3-32) 

i=l  1 


and  n^  is  the  moles  of  species  i present  and  n is  the  total 
moles  present  in  the  reacting  mixture.  Assuming  the  activity 
coefficient  of  the  pure  condensed  species  is  one,  the  free 
energy  expressions  for  these  become: 


f . 


condensed 


n (Fj/RT)  ; K + 1 < i <;  q 


(3-33) 


The  total  free  energy  of  the  mixture  is  obtained  by  summing 
(3-31)  and  (3-33)  and  is: 


F(n) 


q 

r f 

i, condensed 


(3-34) 
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The  mixture  contains  fixed  amounts  of  each  of  the  m 
elements,  b^;  and  the  free  energy  equation  is  constrained 
by  mass  conservation  equations  of  the  form: 

K q 

b.  = E a n.  + £ a n.  ; j = 1,2,..., m (3-35) 

J i=l  j 1 i=K+l  1 1 

The  a.  represents  the  formula  number  giving  the  amount  of 

1j 

gram  atoms  of  the  j element  in  species  i.  For  example,  for 
CH,,  a.  £s  one  for  carbon,  and  four  for  hydrogen. 

At  a given  temperature  and  pressure  it  is  necessary  to 
determine  the  amount  of  each  chemical  species  present;  n., 
that  minimizes  the  free  energy  (3-34).  This  is  subject  to 
the  specification  of  the  total  amount,  b ^ , of  each  element. 
Following  the  method  of  White,  et . al . (12)  the  usual  Lagrangian 

multiplier  procedure  of  equating  the  partial  derivatives  with 
respect  to  the  n^'s  of  the  augmented  function  to  zero  and 
solving  gives  a complicated  set  of  equations  with  the  amount  of 
each  species,  n^,,  expressed  implicitly.  To  obtain  a simpler, 
but  an  iterative  solution,  a quadratic  approximation  to  the 
free  energy  function  is  formed  by  a Taylor's  series  expansion 
about  a point  y (y-^ , y2 , • = »y^)  , and  a neighboring  point  n 
(npn2,  . . .n  ) . This  is: 
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Q(n) 


K 

F(y)  + E 


K K 8ik  1 q - 

+ 1/2  E £ (—  - 7)  A. A,  + E (F°/RT)  A.  (3-36) 

i=l  k=l  yi  y 1 k i=K+l  T 1 1 


I 


(F° /RT)  + InP  + ln(— )”1 

y J X 


To  minimize  Q(n)  subject  to  the  mass  balance  constraints,  the 
augmented  function  employing  Lagrange  multipliers,  jTy  is  formed. 

m K q 

G(n)  = Q(n)  + E it . (b  - E a n - £ a n ) (3-37) 

j = l J J i=l  1j  1 i=K+l  1 

At  this  point  the  usual  procedure  would  be  to  set  partial 

derivatives  of  G(n)  with  respect  to  the  independent  variables 

(n,  ,n„  , . . . ,n  ) and  the  Lagrangian  multipliers  (tt-,  , jr0 , . . • , rr  ) 

■i  ^ (J  i-  Z xn 

equal  to  zero  and  solve  simultaneously  the  resulting  set  of 
m + q equations  for  the  minimum  of  the  constrained  quadratic 
approximation.  Then  the  procedure  would  be  repeated  employing 
a convergence  criteria  to  approach  the  point  of  minimum  free 
energy.  However,  it  is  more  convenient  to  use  a different 
procedure  which  requires  that  only  m + 1 + s equations  (where 
s is  the  total  number  of  solid  or  condensed  phases  present) 
be  solved  simultaneously  rather  than  m + K + s equations. 

Since  a quadratic  approximation  is  used,  the  linear  equations 
resulting  from  taking  the  partial  derivatives  with  respect 
to  the  n^'s  can  be  solved  directly.  Equating  the  partial 


124 


derivatives  with  respect  to  the  u^'s  to  zero  for  i = 1,2,...,K 
results  in  the  following  set  of  equations. 


n . 

gas 


-f . 
i,gas 


y,  _ m 

(y)  + (— )n  + £ (tt  . a . )y 
y j=l  J Lj 


i=l , 2 , . . . ,K 

(3-38) 


This  gives  K explicit  equations  for  the  moles  of  the  gases 
in  terms  of  the  m + 1 unknowns,  77 ■ 1 s and  n.  Equation  (3-38) 
permits  the  elimination  of  n^  from  the  material  balance 
equations  (3-35).  Note  that  in  doing  this,  equation  (3-35) 
is  in  terms  of  y^'s,  which  are  the  initial  guesses  used  to 
start  the  iteration.  Substituting  equation  (3-38)  into 
equation  (3-35)  and  defining: 

K 

r.  = E (a  ) (a  )y  ; j,k  - l,2,...,m  (3-39) 

Jk  i=l  Lj  xk  1 


After  some  manipulations  the  following  result  is  obtained. 


m 


K 


£ ri  IT.  + c u + 2 a n = b + 2 a f (y)  ; k=l,2,...,m 

j=l  Jk  J k l-K+l  lk  1 k i=l  xk  x 

(3-40) 


where: 


"k 


K 

£ ai  y,- 

i=l  xk  1 


(3-41) 
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and:  u = n/y  (3-42) 

Equation  (3-40)  represents  m equations  in  m + 1 unknowns, 
the  fTj's  and  u,  which  apply  to  gases  only.  An  additional  equation 
is  obtained  by  summing  the  K equations  given  by  equation  (3-38). 

m K 

E b it.  = £ f.(y)  (3-43) 

j=l  33  i=l  L 

The  additional  s equations  needed  to  compute  the  amount 
of  condensed  phases  present  are  obtained  by  equating  the  partial 
derivative  of  G(n)  with  respect  to  the  moles  of  the  condensed 
species,  n.,  to  zero  which  gives: 

m 

(F“/RT)  = Sa  w,  ;K  + lssi^q  (3-44) 

j=l  J J 

These  equations,  which  are  to  be  solved  simultaneously,  are 
given  in  matrix  form  in  Table  3-2.  When  the  matrix  is  solved, 
values  for  the  moles  of  condensed  species  are  obtained  directly. 
Also  the  values  TTj  ' s and  u are  obtained.  These  values  are 
substituted  in  equation  (3-38)  to  calculate  the  moles  of  the 
gas  species,  n^.  These  calculated  values,  after  appropriate 
adjustment  to  insure  rapid  convergence,  are  used  as  a starting 
value  for  the  next  iteration.  This  process  is  repeated  until 


Table  3-2.  General  Equations  for  the  Solution  of  the  Equilibrium  Composition  of  Gas- 
Condensed  Mixture  by  the  Free  Energy  Minimization  Technique*. 
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Note  that  equations  have  been  written  for  more  than  a condensed  phase. 
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the  minimum  free  energy  is  reached. 

Convergence  Procedure : Normally  in  the  iterative  procedure, 

the  amount  of  each  species,  n.,  which  is  calculated  at  the 
minimum  of  the  constrained  quadratic  approximation,  is  used  as 
the  next  estimate.  To  insure  that  oscillations  and  over- 
corrections will  not  occur,  the  following  convergence  scheme, 
similar  to  that  of  White  (12),  is  used.  The  values  of 
the  moles  of  the  gas  species,  y^(-new)>  for  the  next  iteration 
are  obtained  using  the  following  expression: 


y 


i (new) 


^i(old) 


XA. 


(3-45) 


where 


Ai  = 


- y 


i (old) 


(3-46) 


and  \ is  the  parameter  of  the  line  through  n^  and  y^g-^) 
Substituting  equation  (3-45)  into  (3-34)  and  taking  the 
derivative  with  respect  to  \ gives  the  following: 


dmi 

dX 


K r - - i q - 

E aJc.  + ln[ (y . + XA.)/(y  + XA)]h  + E A,  (Fi/RT) 

i=l  U 1 1 1 J i=K+l  1 1 


(3-47) 


where : 

= (F^/RT).  + InP 


c . 

i 


(3-48) 
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and : 


K 

A = E A. 

i=l  1 


(3=49) 


The  value  of  dF/d\  must  remain  negative  to  insure  conver- 
gence to  the  minimum  free  energy.  Sometimes  it  becomes  necessary 
to  meet  this  requirement  by  reducing  \ to  a value  less  than 
one.  Once  this  value  is  found,  equation  (3-45)  is  used  to 
obtain  the  numerical  value  of  each  y.  for  the  next  iteration. 

l 

It  turns  out  that  as  the  minimum  is  approached  large  changes 
in  X are  necessary  which  causes  the  value  of  dF/d\  to  become 
smaller.  This  allows  for  a controlled  path  of  descent  and 
convergence  to  the  minimum  free  energy  is  obtained. 

A typical  free  energy  minimization  solution  giving  the 
composition  of  the  major  components  as  a function  of  temperature 
at  atmospheric  pressure  is  shown  in  Figure  3-3.  From  this 
solution  the  species  continuity  equation  (3-30)  can  be  solved 
for  R_,  and,  the  energy  absorption  by  chemical  reactions 
K+l 

( H R.)  can  be  calculated. 
i-1  1 1 

In  non-equilibrium  flow,  the  form  of  the  energy  equation 
remains  the  same  as  that  for  equilibrium  flow.  The  difference 
in  the  two  lies  in  the  manner  in  which  the  energy  absorption  by 


chemical  reaction  must  be  calculated. 


Composition,  Mole  Percent 
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Non- Equilibrium  Flow:  The  equations  of  change  for  non- 

equilibrium flow  are  the  same  as  those  developed  for  equilibrium 
flow.  The  evaluation  of  the  energy  absorption  by  chemical 
reaction,  however,  is  dependent  on  the  finite  reaction  rates 
of  each  reaction  occurring  within  the  char  zone.  Therefore, 
in  addition  to  temperature  and  pressure,  the  reaction  rate, 

R. , is  also  a function  of  the  mass  flux  and  composition  entering 
the  char  layer.  This  requires  a knowledge  of  the  specific 
reactions  taking  place  within  the  char  and  the  associated  kinetic 
data;  i.e.,  frequency  factor  and  activation  energy.  The  following 
paragraphs  will  present  a method  for  determining  the  important 
reactions  and  the  technique  for  using  the  kinetic  data  to  predict 
the  actual  behavior  within  the  char  zone. 

Reaction  Rate  and  Rate  Constant  Equation:  In  general,  a 

chemical  reaction  can  be  written  in  the  following  form: 

q q 

£ r.  A,  £ p.  A.  ; j = 1,2,3,  . . . ,m  (3-50) 

i=l  1 i=l  1 

For  this  j-th  chemical  reaction,  r.  and  p.  are  the  stoichiome- 

1j  xj 

trie  coefficients  of  the  reactants  and  products  respectively  for 
species  A.  . There  are  a total  of  q chemical  species  and  m chemical 
reactions  in  the  system. 

The  rate  of  reaction  of  the  i-th  species,  R , is  given  by 
the  following  equation  for  the  m chemical  reactions: 
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R. 

1 


m 

£ (p. 

j=l  xj 


) K 


q 

it 

k=l 


ij 


q 

V 

k=l 


1,2,3, ...,q 


(3-51) 


where  c is  the  concentration  of  component  i and  r'.  . and  p!  . 

i iJ  ij 

represent  the  power  on  the  concentrations.  It  is  not  necessary 

for  these  to  be  equal  to  r . . and  p...  The  forward  and  reverse 

ij  ij 

reaction  rate  constants  are  k_.  and  k ..  This  is  the  equation 

f J r J 

for  that  is  used  in  the  computer  implemented  numerical  solution 
of  the  transport  equations.  Equation  (3-51)  is  a very  convenient 
and  general  formulation  for  the  reaction  rate  of  the  j-th 
species  in  m simultaneous  chemical  reactions.  The  stoichio- 
metric coefficients  and  the  powers  on  the  concentrations  are 
each  conveniently  represented  as  a matrix. 

In  addition  to  the  above,  the  reaction  rate  constants  are 
also  required.  A general  form  for  the  rate  constant  of  the 
i-th  chemical  reaction  is: 


k. 

3 


A TS 3 Exp  (-E  /RT)  ; j = 1,2,3, 


(3-52) 


where  A^  is  the  frequency  factor  and  E^ , 
vation. 


the  energy  of  acti 


With  these  mathematical  generalizations  the  analysis  is 
resolved  to  one  of  selecting  the  important  chemical  reactions 
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taking  place  in  the  char  zone  along  with  precise  values  of  the 
rate  constants.,  These  equations  and  associated  rate  constants 
can  then  be  used  in  equation  (3-48)  to  calculate  the  reaction 
rate,  R , which  is  needed  to  solve  the  transport  equations. 

The  non-equilibrium  flow  model  is  an  order  of  magnitude 
more  complex  than  the  chemical  equilibrium  computations.  The 
latter  case  involves  the  solution  of  a set  of  algebraic  equations 
with  the  energy  and  momentum  equations.  The  former  requires 
the  solution  of  a set  of  non-linear,  ordinary  differential 
equations  (species  continuity  equations)  simultaneously  with 
the  energy  equation.  There  is  also  the  additional  difficulty 
of  determining  all  of  the  important  chemical  reactions  that  take 
place  in  the  system  and  the  initial  composition  of  pyrolysis 
products  entering  the  char  zone.  For  equilibrium  flow,  only 
the  elemental  composition  is  required.  Finally,  there  is  the 
laborious  task  of  collecting  and  evaluating  reaction  kinetic 
data  appearing  in  the  literature. 

Chemical  Reactions  in  the  Char  Layer : The  general  nature 

of  the  reactions  occurring  in  the  char  zone  of  a charring  ablator 
has  been  qualitatively  established  (13).  Between  500°F  and 
3000°F,  the  primary  reactions  occurring  are  hydrocarbon  cracking 
reactions  of  high  molecular  weight  species  to  lower  molecular 
weight  species  (ultimately  H , CO^,  CO,  H^O,  etc.).  From 
3000°F  to  about  6000°F,  free  radical  and  recombination  reactions 
take  place,  with  ionization  reactions  beginning  to  appear  at 
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the  upper  end  of  this  temperature  region.  This  study  is  concerned 
with  the  reactions  occurring  below  3000°F;  i.e.,  hydrocarbon 
cracking  reactions,  primarily.  Free  radical,  recombination 
and  ionization  reactions  are  not  considered  as  they  do  not 
take  place.  Fortunately,  this  greatly  simplifies  the  already 
complex  system  of  reactions  that  could  occur.  Establishing 
the  fact  that  reacting  flow  in  the  char  zone  can  be  accurately 
described  in  the  temperature  range  from  500°  to  3000°F  establishes 
the  basis  for  extending  the  investigation  to  temperatures  in  the 
3000°F  to  6000°F  range. 

Pike  (14),  in  an  effort  to  condense  the  large  assortment 
of  reaction  kinetic  data  available  in  the  literature,  has 
compiled  a detailed  listing  of  reactions  and  the  corresponding 
kinetic  data  for  the  C-H-O-N  system.  In  a subsequent  report 
(15)  this  and  other  kinetic  data  were  analysed.  The  calculation 
of  the  isothermal  conversion  for  each  reaction  possible  in  the 
char  zone  over  a wide  range  of  temperatures  was  included.  This 
formed  one  method  for  determining  the  important  reactions  taking 
place  in  the  char  zone  as  discussed  below. 

Criterion  for  Reaction  Selection:  The  rate  of  a chemical 

reaction  increases  with  temperature.  For  a particular  reaction, 
if  a significant  conversion  of  reactants  to  products  is  obtained 
with  the  char  at  a uniform  and  specified  temperature,  then  it 
can  be  assumed  that  there  may  be  a significant  conversion  when 
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a temperature  gradient  exists  in  the  char  layer  with  the  front 
surface  at  this  specified  temperature.  Thus,  this  reaction  is 
considered  important.  An  example  of  this  behavior  is  the  reaction 
illustrated  in  Figure  3-4  as  a plot  of  conversion  versus  tempera- 
ture. For  another  reaction  if  there  is  no  conversion  in  the 
char  at  a uniform  higher  temperature  (3000°F),  there  will  be 
no  conversion  when  there  is  a temperature  gradient  in  the  char. 
Therefore,  this  reaction  can  be  omitted  when  there  is  a tempera- 
ture gradient  in  the  char  with  a front  surface  temperature  of 
3000°F.  However,  the  products  formed  by  the  reaction  may  indeed 
be  included  as  important  components  subject  to  further  reactions. 
This  logic  forms  the  basis  of  the  isothermal  analysis  of  reaction 
kinetics  data  in  the  literature  (15). 

Although  the  reactions  postulated  to  take  place  over  a 
given  temperature  range  (500° F to  3000° F)  could  occur,  they 
are  also  restricted  by  the  components  initially  present  in  the 
pyrolysis  gas  stream.  For  example,  the  reaction  of  butane  and 
oxygen  forming  carbon  dioxide  and  water  is  a likely  candidate 
between  500°F  and  3000°F;  however,  the  absence  of  either  butane 
or  oxygen  eliminates  the  reaction  from  consideration.  A 
considerable  amount  of  caution  must  be  exercised  to  make  certain 
that  the  components  are  not  formed  at  some  time  within  the  char, 
making  the  reaction  an  important  part  of  the  system. 

Composition  of  Pyrolysis  Products  s As  discussed  above,  the 


Figure  3=4.  Isothermal  Conversion  of  Methane  to  Hydrogen 
and  Ethane  Between  500  and  3000 °F. 
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pyrolysis  product  composition  at  the  back  surface  of  the  char  is 
important  in  reducing  the  total  possible  reactions  likely  to 
occur  within  a specified  temperature  range.  First  attempts 
to  study  the  non-equilibrium  flow  of  pyrolysis  products  through 
a porous  char  layer  relied  on  two  separate  sources  for  estimating 
the  gas  composition  entering  the  char  at  the  back  surface. 

The  first  method  which  served  as  an  order  of  magnitude  analysis 
was  the  equilibrium  compositions  calculated  by  the  free  energy 
minimization  method  (10).  The  second  was  analyses  of  the 
degradation  products  of  low  density  nylon-phenolic  resin  compo- 
sites by  pyrolysis  gas  chromatography  (16,17).  Table  3-3 
lists  the  compositions  obtained  by  each  method.  As  noted,  the 
unavailability  of  accurate  analytical  procedures  and  thermo- 
physical data  for  the  high  molecular  weight  pyrolysis  products 
(i.e.,  phenol,  cresol,  toluene,  etc.)  left  a region  of  definite 
uncertainty.  As  a result,  the  major  components  of  the  pyrolysis 
products  were  identified  as  methane,  hydrogen,  carbon  dioxide, 
carbon  monoxide  and  nitrogen  by  many  (18,19)  with  unknown 
quantities  of  water  and  high  molecular  weight  residues  completing 
the  analysis. 

Subsequent  research  by  Sykes  (20)  confirmed  the  presence  of 
phenol-based  materials  as  primary  constituents  in  the  high 
molecular  weight  residues.  Table  3-4  represents  a more  precise 
pyrolysis  gas  composition  obtained  in  this  work.  Very  good 
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Table  3-4 . Pyrolysis  Products  Resulting  From  the  Thermal  Decomposition  of  Nylon-Phenolic 
Resin  Composites  Including  the  High  Molecular  Weight  Species. 
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agreement  was  obtained  by  comparing  the  reported  experimental 
results  with  an  overall  energy  balance  technique  using  heats  of 
formation  and  heats  of  combustion  data  for  the  virgin  plastic 
and  the  experimentally  determined  pyrolysis  product  composition. 
Typical  composition  data  of  the  simulated  pyrolysis  products 
used  in  this  research  are  presented  in  Table  4-3  of  Chapter  IV. 

The  remaining  portion  of  this  chapter  shall  discuss  the 
pertinent  physical  and  thermodynamic  property  relationships 
and  the  numerical  techniques  used  to  obtain  a solution  to  the 
equations  of  change. 

Physical  and  Thermodynamic  Properties : In  any  real  problem 

where  the  temperature  gradient  varies  over  a wide  range  (>1000°K) , 
changes  in  the  physical  and  thermodynamic  properties  as  a function 
of  temperature  occur.  For  the  multicomponent  flow  of  a reacting 
gas  within  a porous  char,  composition  change  by  chemical  reaction 
is  also  important.  The  equations  used  in  this  research  for 
calculating  the  variations  in  physical  and  thermodynamic  pro- 
perties with  temperature  will  be  discussed  in  two  parts;  the 
gas  phase  properties  and  the  char  or  solid  phase  properties. 

Gas  Phase  Physical  Properties : The  gas  phase  physical  and 

thermodynamic  properties  required  for  the  solution  of  the  equa- 
tions of  change  are  the  thermal  conductivity,  viscosity  and  heat 
capacity.  The  physical  property  equations  are  those  presented 
by  Sherwood  and  Reid  (21)  and  the  thermodynamic  equations  were 
obtained  from  McBride,  et . al . (22). 
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The  thermal  conductivity  of  a pure  gas  is  calculated 


using  the  equation  shown  below: 


2.6693  x 10~5  )2(Cv  + 4.47) 

w,  i 

l 

' 2 ~ 

ct  Q 


(3-53) 


For  an  ideal  gas  the  heat  capacity  at  constant  volume  is  C - R 
and  the  collision  diameter,  a,  and  collision  integral,  Cl  , 
are  tabulated  for  the  individual  gas  components.  The 
thermal  conductivity  of  the  gas  mixture  is  calculated  as: 


k 

g 


K K 

E n.k  / E n. 
i=l  1 H i=l  1 


(3-54) 


The  viscosity  of  a pure  gas  is  given  by  a similar  equation: 


2.6693  x 10 


[(M  )T]S 
w . 


gi 


ct2Q 


(3-55) 


The  viscosity  of  the  gas  mixture  is  calculated  by  an  equation 
approximating  the  Chapman-Enskog  Theory: 


K 

E h 

i=l 


K 

1 + E 
i=i 
J*i 


0 (n  /n.) 
l . j l 
J 


r 1 


(3-56) 
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where  the  parameter,  0.  , 

1j 


is  calculated  by  equation  (3*57). 


(p  /p  )«(M  /M 
1 1 w . w . 

1 J 


(M  /M  ) 
w.  w. 
i J 


(3-57) 


The  thermodynamic  properties  are  calculated  by  empirical 
curve  fitting  equations  (23).  These  equations  are: 


(1)  For  the  heat  capacity, 


2 3 4 

C /R  = a..  + b.T  + c ,T  +d.T  +e.T 

p . ill  l l 

Fi 


(3-58) 


(2)  For  the  free  energy,  and 


ai(l  - log 


b.  c,  d. 

1 rp  __1  J*  1 rp3 

2 6 12 


e.  , f . 

— T + — 
20  T 


(3-59) 


(3)  For  the  enthalpy. 


a . 
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(3-60) 
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The  empirical  constants  for  the  above  equations,  along  with 
typical  dat-a  for  the  gas  components  studied  in  this  research 
are  presented  in  Appendix  C. 

Char  Physical  Properties  (Thermal  Conductivity , Porosity  and 
Permeability) : The  char  porosity  and  permeability  values  were 

assumed  constant  in  this  study.  This  assumption  is  valid  when 
the  temperature  range  is  restricted  to  values  where  little 
carbon  deposition  or  depletion  is  obtained.  The  porosity  value 
was  assumed  equal  to  the  average  effective  porosity  of  the 
materials;  i.e.,  char  porosity  = 0.8  (3),  graphite  porosity  = 

0.5  (4).  The  permeability  values  were  average  values  obtained 
by  analysis  of  a variety  of  experimental  data  reported  in  Appendix 
C.  A Carmen-Kozeny  plot  of  the  data  was  used  to  estimate  the 
permeability  coefficients , and  |3,  which  were  needed  in  the 
differential  momentum  equation  (3-12), 

Char  thermal  conductivity  values  were  obtained  from  experi- 
mental data  shown  in  Appendix  C.  The  variation  with  temperature 
was  determined  by  a linear  least  squares  fit  of  the  data.  For 
the  particular  data  used,  the  experimental  conductivities  were 
reported  for  an  inert  gas  (nitrogen  or  argon)  within  the  pores. 
These  values  are,  therefore,  more  representative  of  an  effective 
conductivity  since  the  conductivity  of  the  inert  gases  is  approx- 
imately equal  to  the  pyrolysis  gas  conductivity. 
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k 
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(experimental) 


(3-61) 


Provisions  are  made  in  the  TEMPRE  System  for  calculating  the 
effective  conductivity  when  char  conductivities  are  measured 
with  the  pores  evacuated . In  this  instance  equation  (3-62) 
must  be  used„ 


k = €k  + (1  - e)k  (3-62) 

eg  c 

The  use  of  the  above  physical  and  thermodynamics  property 
equations  in  conjunction  with  the  numerical  integration  methods 
gives  the  variable  properties  solutions  to  the  equations  of 
change. 

Numerical  Solution  of  the  Equations  of  Change 

Prior  to  the  selection  of  a numerical  method,  the  accuracy 
of  the  numerical  solution  desired  must  be  specified.  This 
determines  the  interval  size  needed  in  the  analysis  which  effects 
the  round-off  errors  associated  with  the  calculation  of  the 
solution.  If  a relatively  small  interval  size  is  used,  the 
round-off  errors  may  be  intolerable.  On  the  other  hand,  a very 
large  interval  size  could  produce  large  truncation  errors  which 
results  in  a solution  that  does  not  approach  the  true  solution. 
One  technique  used  to  determine  if  a specific  interval  size  is 
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a reasonable  choice  involves  the  computation  of  the  solution 
for  the  particular  interval  selected,  and  interval  sizes  reduced 
by  a factor  of  one  half  of  each  preceeding  value.  Comparison 
of  the  solutions  for  each  interval  chosen  should  reveal  when 
the  approximate  solution  approaches  the  true  solution  or  when 
round-off  errors  make  the  calculated  solution  invalid. 

In  general,  increased  accuracy  requires  increased  complexity 
in  (or  order  of)  the  numerical  method  used.  Therefore,  there 
is  an  optimum  decision  to  be  made  between  the  nearness  of  the 
approximate  solution  to  the  real  solution  and  the  computational 
time  required  to  obtain  the  solution.  The  best  approach  is 
obviously  the  one  that  minimizes  truncation  and  round-off 
errors . 

Numerical  Solution  of  the  Differential  Energy  Equation: 

The  energy  equation  describing  the  flow  of  pyrolysis  gases 
through  the  char  zone  of  a charring  ablator  is  a second  order, 
non-linear  differential  equation  with  variable  coefficients. 

In  order  to  obtain  a solution  to  this  equation,  a numerical 
integration  technique  must  be  used.  This  requires  the  equation 
to  be  transformed  into  a finite  difference  form  which  can  be 
integrated  stepwise  on  a digital  computer.  Of  the  various 
methods  available,  all  require  the  specification  of  the  order 
and  stepsize  to  achieve  the  desired  solution.  Two  general  types 
of  numerical  integration  schemes  are  commonly  used;  the  self- 
starting methods,  ranging  from  the  Euler  equation  to  the  Runge- 
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Kutta  series,  and,  the  predictor-corrector  methods  which  require 
the  specification  or  calculation  of  several  initial  points  to 
start  the  procedure.  The  number  of  points  is  proportional  to 
the  order  of  the  particular  equation  used.  Because  of  the 
accuracy  and  relatively  straight  forward  nature  of  the  self- 
starting methods,  a fourth  order  Runge-Kutta  formula  was  selected. 

The  general  formulae,  and  the  formulae  as  they  apply  to 
the  differential  energy  equation  are  presented  in  Table  3-5, 

The  truncation  error  is  of  the  order  O(h^)  where  h is  the  step 
size  (23).  The  parameters  , A^,  A^,  and  A^  in  equation  (3-68) 
correspond  to  the  Runge-Kutta  constants  generated  by  the  numerical 
integration  of  the  energy  equation. 

Therefore,  in  the  non-equilibrium  flow  analysis,  the  solution 
of  the  energy  and  continuity  equations  are  calculated  simul- 
taneously because  of  the  interdependence  of  the  temperature 
and  the  mole  flux  (composition) . 

Numerical  Solution  of  the  Species  Continuity  Equation: 

In  the  non -equilibrium  flow  analysis,  the  species  continuity 
equation  expressing  the  mole  (or  mass)  flux  of  each  species  as 
a function  of  temperature  must  be  solved  simultaneously  with  the 
differential  energy  equation.  Rewriting  equation  (3-30)  in 
terms  of  the  mole  flux,  N_^,  of  species  i gives: 


^dT/dz-* 

Wjl 


dT 


(3-69) 


Table  3-5.  Fourth  Order  Runge-Kutta  Formulae  for  Solving  the  Differential  Energy  Equation 

for  Flow  of  Pyrolysis  Gases  Through  the  Char  Zone. 


Table  3-5.  Fourth  Order  Runge-Kutta  Formulae  for  Solving  the  Differential  Energy  Equation 
for  Flow  of  Pyrolysis  Gases  Through  the  Char  Zone  (Continued). 
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where  the  temperature  gradient,  dT/dz,  is  calculated  in  the 
energy  equation  solution.  Substitution  for  from  equation 
(3-51)  results  in  the  final  form  of  the  equation  used  to  cal- 
culate the  species  mole  flux,  N^,  in  the  TEMPRE  system. 


( 


dN. 


m 

(p.  . - r , . 

) r K+l  r' 

K+1  P' 

E 

j=l 

n n 

M . 

Wl 

k n c.  J 

L fj  i=1  3. 

- k . w c.  Jl; 
rj  i=l  1 J 

i = 

12  3 

K+l 

(3-70) 

The  solution  of  the  K+l  first  order  differential  equations  for 
the  mole  flux,  N^,  is  obtained  by  numerical  integration  using 
a fourth  order  Runge-Kutta  formula  (23). 


N.  = N.  + 7 (B 
XM+1  6 


i,l 


+ 2B 


i,2 


+ 2B  + B ) (3-71) 

1 > J 1 H 


where 


Bi,l  hf  (T0>  Nl,05  N2,0’  N3,0’  ’ \+l,  0^ 
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B 


i,4 


h£  (Tq  + hi'  + | A3,  N.j0  + B1>3,  N2iQ  + B2i3, 

* ’ •*  NK+1,0  + BK+1,3)  (3-72) 


and  M is  a location  within  the  char  layer.  The  interdependence 

of  the  energy  and  species  continuity  equations  can  be  seen  by 

noting  the  presence  of  the  A values  in  the  above  equations  (3-72). 

These  values  are  the  Runge-Kutta  parameters  calculated  for  the 

energy  equation  solution  at  the  same  position  within  the  char. 

A one-to-one  correspondence  between  the  A.  and  B,  . values  must 

J i*J 

exist  to  obtain  a non-equilibrium  flow  solution.  To  start  the 
integration,  the  initial  composition,  temperature  and  temperature 
gradient  at  the  back  surface  are  used  to  calculate  the  first 
intermediate  temperature  and  Runge-Kutta  parameter,  A^ . These 
values  are  then  used  to  estimate  the  mole  flux  of  each  species 
at  the  same  intermediate  position  within  the  char  zone.  The 
intermediate  flux  values  are  then  substituted  into  the  energy 
equation  for  the  calculation  of  the  next  intermediate  temperature. 
This  procedure  is  continued  until  the  four  (for  a fourth  order 
analysis)  constants  associated  with  each  differential  equation 
(continuity  and  energy)  are  calculated.  At  this  point  the 
temperature  and  concentration  at  a position  advanced  one  interval 
unit  into  the  char  are  calculated  using  equations  (3-66)  and  (3-70.). 

This  technique  is  repeated  to  the  second  boundary  of  the 
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problem.  If  a non-iterative  set  of  boundary  conditions  is 
specified  (i.e.,  one  boundary  completely  specified),  the  solution 
to  the  energy  equation  is  obtained  in  one  cycle  and  the  calcula- 
tion of  the  pressure  and  heat  flux  distributions  can  be  started. 

If,  however,  a two  point  boundary  value  problem  is  being  solved, 
a guessed  value  of  the  gradient  must  be  used  to  start  the  solution. 
When  the  temperature  at  the  front  surface  is  calculated,  it  must 
be  compared  with  the  specified  value.  A calculated  value  which 
is  too  high  or  low  requires  an  adjustment  of  the  initial 
gradient  and  repetition  of  the  entire  procedure.  Therefore, 
in  addition  to  the  Runge-Kutta  logic,  a convergence  procedure 
to  approach  the  known  front  surface  temperature  is  also  required. 

Convergence  Techniques  for  the  Iterative  Runge-Kutta  Analysis: 
The  specific  convergence  scheme  used  in  the  Iterative  TEMPRE  System 
is  subdivided  into  three  main  parts.  These  include:  (1)  a 
gross  correction  procedure,  (2)  a fine  correction  procedure, 
and,  (3)  a limit  or  check  procedure.  Each  method  uses  a 
simplified  formula  which  bases  the  corrected  adjustment  on 
the  relative  overshoot  or  undershoot  of  the  front  surface 
temperature. 

Gross  Correction  Procedure:  This  method  is  used  when  the 

absolute  value  of  the  difference  in  the  calculated  and  true 
front  surface  temperature  exceeds  a specified  tolerance  limit 
(usually  S 57o  of  the  specified  front  surface  temperature).  When 
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this  condition  is  met,  adjustment  of  the  initial  slope  is  made 
using  the  following  equation: 


m I ml 

0 0 , . 
new  old 


(1  + X [- 


true 


"'calculated 


]) 


(3-73) 


true 


where  A is  an  adjustable  parameter  from  0 to  1. 

Fine  Correction  Procedure:  This  method  is  employed  when 

the  calculated  front  surface  temperature  falls  between  tolerance 
limits  of  0.05  > 1 - T/T  > 0.01  of  the  specified  value  or 

JLi 

when  two  complete  cycles  have  been  calculated.  In  this  case 
a more  precise  adjustment  is  used  taking  advantage  of  the  pre- 
vious calculations  to  rapidly  approach  the  specified  front  tem- 
perature and  to  prevent  oscillations  around  that  point.  The 
specific  equation  used  to  adjust  the  initial  gradient  for  the 
next  iteration  is: 


T T 

L - L 

T ' = T ' + r true calc,  this  cycle 

new  old  j_T  - TL 

calc,  this  cycle  calc,  last  cycle 


0 


T' 

last  cycle  this  cycle. 


] 


(3-74) 


Very  good  convergence  is  obtained  with  these  simple  equations 

over  a range  of  front  surface  temperatures  between  1500  - 3000°F 

2 

and  mass  flux  values  between  0.00003  - 0.1  lb/ft  -sec.  Three 
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iterations  are  required  to  obtain  a solution  within  the  stated 
tolerance  range. 

Limit  or  Check  Procedure:  A limit  corresponding  to  a 

20%  overshoot  of  the  front  surface  temperature  is  used  to 
terminate  the  calculations  at  any  point  within  the  char  where 
this  condition  is  violated.  A reduction  in  the  initial 
gradient  is  made  according  to  equation  (3-73:)  and  the  procedure 
is  restarted. 

In  addition  to  the  above,  several  checks  are  included  in 
the  Runge-Kutta  analysis  to  insure  the  calculated  and/or 
adjusted  values  of  the  gradient  remain  non-negative  and  non- 
zero. The  program  logic  includes  an  adjustment  calculation 
similar  to  equation  (3-73)  which,  on  repeated  violations, 
instructs  the  system  to  print  pertinent  information  for  diag- 
nosis of  the  problem.  With  these  simple  adjustment  equations, 
the  iterative  solution  is  obtained  very  quickly  and  with  suffi- 
cient accuracy  to  insure  a good  approximation  to  the  real 
solution. 

A comparison  of  the  temperature  profiles  obtained  for  the 
frozen  flow  energy  equation  (3-29)  at  various  interval  sizes 
is  presented  in  Table  3-6,  Based  on  the  presented  results,  an 
interval  size  of  one  hundred  units  (or  1/400  ths  of  an  inch  for 
a one-quarter  thick  char)  was  used. 
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Numerical  Solutions  of  the  Heat  Flux  and  Momentum  Equations 
The  heat  flux  and  momentum  equations  are  solved  after  a 
valid  temperature  profile  is  calculated.  Both  heat  flux  and 
pressure  are  uncoupled  from  the  energy  equation  by  considering 
the  energy  dissapation  by  PV  work  small  in  comparison  with  other 
modes  of  energy  transfer  in  the  system.  The  equations  for  the 
heat  flux  and  pressure  are  first  order  differential  equations 
with  variable  coefficients. 


(3-23) 


P 


(3-12) 


A Simpson's  Rule  integration  technique  is  used  to  obtain  solutions 
for  the  integral  terms  in  these  equations.  The  general  for- 
mula for  the  Simpson's  Rule  analysis  is  (23): 


f 2nfdz  = ~ ff  + 4 (f.  + f + ...  + f ) 

J z 3 I o l 3 2n-l 

o 

+ 2(f2  + f4  + ...+  f2n_2)  + fj  " 90  f( 

(3-75) 


where 


nh5  (4) 
90 


represents  the  truncation  error. 


In  terms  of  the  heat  flux  and  pressure  equations,  the 
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Simpson's  Rule  functions  are: 


[f  dz 
J pi 

= M)(W)(^)dz 
Y w 

(3-76) 

•TV2 

= j>(^)(W)2dz 

w 

(3-77) 

J\dz 

= few  'C  x.dT 

(3-78) 

J\dz 

= fH.R.dT 
J 1 1 

(3-79) 

Once  again  the  step-size  is  an  important  parameter  that 

must  be  specified.  A similar  procedure  as  that  described  for 

the  Runge-Kutta  analysis  to  obtain  the  optimum  value  of  the 

interval  size  was  used.  This  minimizes  the  errors  and  maximizes 

the  accuracy  of  the  approximate  solution.  A comparison  of  the 

solutions  for  various  step  sizes  as  presented  in  Table  3-7.  An 

interval  size  of  twenty  steps  was  used  in  this  analysis. 

Calculation  of  the  pressure  profile  within  the  char  is  made 

from  the  front  surface  where  P = P to  the  rear  surface 

•Li 

pressure.  Results  are  reported  as  a pressure  distribution  and 
a surface  heat  flux  which  correspond  to  the  total  heat  transferred 
within  the  char  zone. 

Summary  of  the  Theoretical  Development  of  the  Equations  of  Change 
for  Flow  in  the  Char  Zone 

The  equations  of  change  (continuity,  momentum,  and  energy) 


Table  3-7.  Comparison  of  Various  Simpson's  Rule  Increment  Sizes  for  the  Frozen 

Flow,  Variable  Properties  Model. 
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were  developed  for  modeling  the  reacting  flow  of  pyrolysis  gases 
through  the  char  zone  of  a charring  ablator.  The  particular 
application  to  frozen,  equilibrium,  and  non-equilibrium  flow 
were  discussed  along  with  methods  for  determining  the  heat 
absorption  by  chemical  reaction  for  the  latter  two  models, 

A free  energy  minimization  technique  was  employed  for  calculating 
the  composition  and  heat  absorption  resulting  from  chemical 
reactions  assumed  to  occur  at  equilibrium. 

For  the  non-equilibrium  flow,  a discussion  of  the  importance 
of  the  particular  reactions  considered  in  the  model,  associated 
kinetic  data  and  initial  pyrolysis  gas  composition  entering 
the  char  was  presented. 

Typical  boundary  conditions  were  presented  which  led  to 
two  separate  solutions  to  the  differential  energy  equation. 

These  were: 

(1)  The  iterative  solution  which  resulted  by  specifying 
the  front  and  back  surface  temperatures  with  the  gradient 
unknown  at  either  location,  and, 

(2)  the  non-iterative  solution  obtained  by  specifying  the 
temperature  and  temperature  gradient  (heat  of  pyrolysis)  at  the 
rear  surface  of  the  char.  A fourth  order  Runge-Kutta  numerical 
integration  method  was  used  to  achieve  the  solution  as  a 
temperature  distribution  across  the  char. 

Similarly,  the  momentum  and  heat  flux  equations  were 
integrated  using  Simpson's  Rule.  The  solutions  were  presented 
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as  a pressure  distribution  across  the  char  and  a heat  flux  at 
the  char  front  surface.  A fourth  order  Runge-Kutta  integration 
of  the  species  continuity  equation,  coupled  with  the  energy 
equation,  produced  concentration  gradients  for  each  pyrolysis 
gas  species  as  a function  of  the  char  distance. 

Specific  values  of  the  solutions  will  be  presented  and 
compared  with  experimental  data  obtained  on  the  Char  Zone  Thermal 
Environment  Simulator  in  Chapter  VI.  A detailed  presentation 
of  the  experimental  apparatus  and  procedure  follows  in  Chapters 
IV  and  V,  respectively. 
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IV.  CHAR  ZONE  THERMAL  ENVIRONMENT  SIMULATOR 
Introduction 

The  experimental  data  presented  in  this  study  were 
obtained  using  an  apparatus  that  simulated  the  flow  of  pyro- 
lysis gases  through  the  char  layer  of  a charring  ablator  during 
reentry,  Low  density  nylon-phenolic  resin  chars,  graphite 
and  carbon  were  obtained  from  the  National  Aeronautics  and 
Space  Administration's  Entry  Structures  Branch  at  the  Langley 
Research  Center.  These  specimens  were  placed  in  a metal 
holder  with  the  front  surface  exposed  to  a bank  of  infrared 
quartz  lamps  used  to  simulate  the  high  temperatures  experi- 
enced by  a reentering  vehicle.  Simulated  pyrolysis  gases 
were  passed  through  the  char  from  the  rear  surface  to  the 
heated  front  surface.  The  exit  gases  were  sampled  and  analyzed 
for  comparison  with  the  inlet  gas  composition  to  determine 
whether  chemical  reactions  had  occurred  within  the  char.  These 
results  were  also  compared  with  the  calculated  exit  gas 
compositions  for  frozen,  equilibrium  and  non-equilibrium 
flow  conditions  in  the  TEMPRE  system.  This  was  the  method 
used  to  determine  the  accuracy  of  the  non-equilibrium  model 
for  predicting  the  heat  transfer  for  the  flow  of  reacting 
pyrolysis  products  in  the  char  zone. 

A schematic  diagram  of  the  Char  Zone  Thermal  Environment 
Simulator  is  shown  in  Figure  4-1.  For  convenience,  the  system 
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Figure  4-1.  Schematic  Diagram  of  the  Char  Zone  Thermal  Environment  Simulator 


has  been  divided  into  five  sections.  These  arq: 


(1)  The  Char  Holder 

(2)  The  Radiant  Heating  System 

(3)  The  Pyrolysis  Gas  Feed  and  Sampling  System 

(4)  The  Analytical  and  Measuring  Equipment 

(5)  The  Radioactive  Tracer  System 

Each  of  the  above  will  be  discussed  in  the  following  paragraphs 

Char  Holder 

The  most  important  part  of  the  experimental  apparatus  is 
the  char  holder.  It  was  constructed  to  permit  the  heating  of 
one  surface  to  produce  the  temperature  gradient  experienced 
during  reentry,  an4  to  flow  simulated  pyrolysis  gases  through 
the  char  with  collection  of  the  exit  gases  for  chemical 
analysis.  Comparison  of  the  exit  gas  composition  with  the 
inlet  values  determined  whether  chemical  reactions  occurred 
within  the  char  layer.  Rapid  cooling  of  the  exit  gases  to 
prevent  further  thermal  decomposition  was  another  important 
feature  of  the  design. 

A sectional  diagram  of  the  holder  is  shown  in  Figure  4-2. 
It  was  constructed  of  two  steel  pipes  arranged  in  a concentric 
pattern.  The  outer  section  was  six  inches  in  diameter  (O.D.) 
and  five  inches  long.  A five  and  three-eighths  inch  diameter 
by  one-eighths  inch  thick  quartz  glass  cover  plate  was  attached 
to  the  front  surface  by  a flange  plate  and  two  asbestos  gaskets 
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4-2.  Sectional  Diagram  of  the  Char  Holder  and  Associated  Parts. 
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The  quartz  glass  plate  sealed  the  holder  on  that  face  and 
was  transparent  to  the  radiant  energy  from  the  infrared 
lamps.  A rear  plate  eight  inches  square  was  welded  to  the 
outer  pipe.  There  was  a four  inch  diameter  (O.D.)  slot  cut 
in  the  center  of  this  flange  for  mounting  the  inner  pipe. 
Insertion  of  the  inner  section  sealed  the  holder  at  the  rear. 

The  outside  portion  of  the  larger  pipe  was  coiled  with 
one-quarter  inch  copper  tubing  and  covered  with  Thermon  T-63 
high  temperature  cement  for  maximum  heat  exchange.  Water 
was  used  as  the  coolant.  Also  two  one-quarter  inch  lines 
were  located  at  the  base  of  the  larger  pipe  for  the  pyrolysis 
gases  to  flow  from  the  annular  to  the  sampling  system. 

The  inner  pipe  was  four  inches  in  diameter  (O.D.)  and 
four  and  three-quarters  inches  long.  The  front  surface  was 
machined  to  hold  a two  inch  diameter  char  specimen  which 
was  cemented  in  place  with  Mullite  No.  67-751  or  Sauereisan 
No.  29  cement.  The  rear  surface  had  a one  quarter  inch 
machined  lip  used  to  seal  the  inner  and  outer  sections  of  the 
holder.  A rectangular  plate  was  used  to  hold  the  inner  section 
firmly  in  place.  Two  one-quarter  inch  lines  were  located  in 
the  rear  flange  of  the  inner  pipe  sections  for  entry  of  the 
simulated  pyrolysis  gas  flow  and  back  surface  temperature 
measurement . 

The  char  specimens  were  made  from  low  density  nylon-phe- 
nolic resin  composites  which  had  been  formed  in  the  high 
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voltage  arc  image  furnaces  at  the  Langley  Research  Center. 

They  were  about  two  and  one-half  inches  in  diameter  by  one- 
quarter  inch  thick.  These  specimens  were  cut  to  give  a 
cross  sectional  area  of  0.5  to  1.5  square  inches,  and  were 
mounted  in  a two  inch  diameter  mold  using  Mullite  or  Sauereisan 
cement.  The  cement  was  inert  and  very  stable  at  the  elevated 
temperatures  experienced  during  experimentation.  In  Figure  4-3 
the  various  steps  in  the  molding  procedure  are  illustrated. 

High  density  nylon-phenolic  resin  composite  chars,  graphite 
and  carbon  specimens  were  mounted  in  the  same  manner.  A 
list  of  the  various  materials  used  is  shown  in  Table  4-1. 

Radiant  Heating  System 

The  radiant  heating  system  was  composed  of  several 
infrared,  quartz  heating  elements  (Figure  4-4)  connected  in 
delta  on  a three  phase  terminal  block.  A 220  volt  (100  amp 
maximum  current)  power  source  was  used  to  illuminate  the 
lamps.  The  quantity,  type  and  location  of  the  elements  from 
the  specimen  surface  are  listed  in  Table  4-2  for  various  ranges 
of  front  surface  temperatures.  The  lamps  were  arranged  in 
two  staggered  rows  parallel  to  the  specimen  front  surface. 

The  terminal  blocks  were  constructed  of  nylon  and,  along  with 
the  metal  lamp  tips,  were  cooled  by  forcing  dry  air  across 
these  areas  from  a Le  Roi,  Model  RXl,  two  stage  compressor. 


Low  Density  Nylon -Phenolic  Resin  Chars 
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Figure  4-3.  Various  Steps  in  the  Molding  Procedure  for  Low  Density  Nylon-Phenolic 
Resin  Chars  and  Graphite. 

Photo  by  J.  R.  Langley 
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Figure  4-4.  Intrared  Quartz  Heating  Lamps. 


Table  4-2 „ Heating  Lamp  Requirements  and  Description  for  Maintaining  the  Char  Front 

Temperature  at  a Specific  Value. 
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Type  THW  600  volt  copper  wire  was  used  to  connect  the  terminal 
leads  to  the  main  power  supply  switch.  Figure  4-5  shows  a 
complete  electrical  circuit  diagram  for  the  radiant  heating 
system. 

A reflector  constructed  of  gold-plated  aluminum  was  mounted 
on  the  rear,  sides,  top  and  bottom  to  concentrate  the  radiant 
energy  on  the  specimen.  The  rear,  top,  and  bottom  sections 
were  water  cooled  using  three-eighths  inch  copper  tubing  with 
a Thermon  T-63  cement  coating  for  maximum  heat  exchange. 

A one  half  inch  hole  was  located  in  the  rear  reflector  for  the 
purpose  of  measuring  the  front  surface  temperature  with  an 
optical  pyrometer.  A complete  sectional  diagram  of  the 
radiant  heating  system  is  shown  in  Figure  4-6, 

Pyrolys is  Gas  Feed  and  Sampling  System 

The  compositions  of  the  simulated  pyrolysis  gas  used 
in  the  experiments  are  listed  in  Table  4-3.  Several  of  the 
earlier  experimental  runs  reported  were  made  with  a simulated 
pyrolysis  gas  composed  of  methane,  hydrogen,  carbon  monoxide, 
carbon  dioxide  and  nitrogen  (1,2).  Later  experiments 
included  water  and  phenol  in  addition  to  the  above  mentioned 
gas  species  (3,4,5).  This  last  mixture  required  the  construc- 
tion of  a two  phase  feed  system  (liquid  water  and  phenol  at 
room  temperature)  with  subsequent  vaporization  of  the  liquid 
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Figure  4-6.  Sectional  Diagram  of  the  Radiant  Heating  System. 
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Notes:  (a)  These  gases  were  used  to  calibrate  the  gas  chromatograph  for  analysis  as  products 
in  the  exit  stream  from  the  Char  Zone  Thermal  Environment  Simulator. 

(b)  This  feed  mix  was  purchased  from  the  Matheson  Company  as  a pre-mix  (gases  only) 
containing  250  (j, c of  carbon-14  labeled  methane  (6p,c  per  lb  mole). 
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components  prior  to  their  entry  into  the  char  holder. 

The  gaseous  portion  of  the  pyrolysis  products  were  pre- 
mixed and  stored  in  a two  and  one-half  cubic  foot  gas  cylinder 
at  a pressure  of  250-500  psig.  The  gas  was  pressure  fed 
through  a one-quarter  inch  copper  tube  to  a rotameter  located 
on  the  instrument  board.  The  liquid  components  were  likewise 
pressure  fed  from  individually  calibrated  feed  vessels.  The 
liquid  and  gaseous  streams  entered  the  inner  section  of  the 
char  holder  at  a junction  near  the  back  of  the  apparatus.  The 
temperature  of  the  line  and  the  holder  were  maintained  above 
the  boiling  point  of  the  liquid  components. 

The  pyrolysis  products  flowed  through  the  char  and  exited 
through  the  annular  space.  They  then  passed  through  an  ice 
water-cooled  gas-liquid  separator  where  condensation  of  the 
unreacted  water  and  phenol,  as  well  as  any  liquid  products, 

i 

were  collected  and  analyzed.  The  gaseous  portion  continued 
to  a gas  sampling  manifold.  This  section  was  composed  of 
a series  of  one  hundred  cubic  centimeter  pyrex  sampling  bombs 
mounted  in  parallel  on  the  instrument  board.  A by-pass 
line  was  used  to  divert  the  exit  gas  flow  around  the  sampling 
bombs,  such  that  these  containers  could  be  removed  during  an 
experiment  and  replaced  with  empty  bombs.  A wet  test  meter 
was  used  to  measure  the  volumetric  flow  rate  of  the  exit 
gas  stream.  Figure  4-7  is  a photograph  of  the  feed,  exit 
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Figure  4-7.  Photograph  of  the  Char  Zone  Thermal  Environment  Simulator. 

Photo  by  J.  R.  Langley 
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gas  and  sampling  sections  of  the  apparatus. 

The  char  holder  and  radiant  heating  systems  were  totally 
enclosed  in  a transite  (sides,  top  and  bottom)  and  plexiglass 
(doors)  box  which  was  connected  to  the  laboratory  hood  with 
a four  inch  diameter  flexible  pipe. 

Analytical  and  Measuring  Equipment 

Temperature ; There  were  several  locations  in  the  system 
where  temperature  measurements  were  made  during  an  experiment. 
These  are  indicated  in  Figure  4-1.  In  all  locations  except 
the  front  char  surface,  iron-cons tantan  thermocouples  were 
used.  The  front  surface  char  temperature  was  measured  with 
a Leeds  and  Northrup  Model  8891c  Rayotube  total  radiation 
pyrometer.  The  pyrometer  focused  on  a one-quarter  inch 
diameter  section  of  the  front  char  surface  at  a distance  of 
ten  inches  from  the  sighting  element.  A one-half  inch  hole 
was  cut  in  the  back  section  of  the  reflector  plate  to  allow 
focusing  on  the  char  surface,  A Leeds  and  Northrup  Speedomax 
H recorder  was  used  to  monitor  the  front  surface  temperature. 

A Leeds  and  Northrup  Model  1549172  Galvonometer  was  used  to 
measure  the  temperature  of  the  other  locations . The  accuracy 
of  the  thermocouple  measurements  were  checked  to  + 2%,  and 
the  optical  pyrometer  to  + 1%  at  a maximum  temperature  of 
2500°F.  Calibration  of  the  temperature  measuring  equipment 
was  made  at  various  intervals  prior  to  experimental  runs. 
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Pressure : The  pressure  drop  across  the  char  was  measured 

with  a U-tube  manometer.  Water  was  used  as  a manometer  fluid 
and  readings  of  + 0.05  inches  (of  water)  were  obtainable, 
pressure  gauges  were  located  at  the  top  of  the  liquid  feed 
vessels  and  in  the  process  feed  line  to  make  certain  the 
pressure  gradient  was  sufficient  to  maintain  flow  from  the 
vessels.  Figure  4-1  indicates  the  location  of  the  various 
pressure  measuring  devices  used. 

Metering:  The  flow  rate  of  the  gaseous  portion  of  the 

pyrolysis  products  was  measured  using  one  of  two  rotameters. 

A Fischer-Porter  Model  FP  1/2-21-G-10/83  (2.55  scfm  air) 
rotameter  tube  was  used  for  high  flow  conditions  and  a 
Schutte-Koernig  Model  SK  1/8-15-C-5  (0.5  scfm  air)  rotameter 
tube  was  used  in  low  flow  applications.  Calibration  of  these 
meters  were  made  with  air  and  helium  flow  using  an  American 
0,1  cubic  foot  per  hour  wet  test  meter.  The  rotameter 
values  were  readable  to  + 2%  of  scale. 

Liquid  flow  was  metered  using  calibrated  twelve  inches  long 
by  one  quarter  inch  diameter  (I.D.)  Fischer-Porter  glass 
cylinders.  These  tubes  were  calibrated  with  water  and  were 
readable  to  + 1%  of  scale.  These  vessels  were  rated  at  a 
30  psig  working  pressure. 

A 0.1  cubic  foot  per  hour  wet  test  meter  was  used  to 
measure  the  volumetric  flow  rate  of  the  gas  portion  of  the 
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total  product  stream.  This  was  done  to  obtain  a material 
balance  on  the  system.  Material  balances  for  the  experimental 
runs  were  within  95-102%  unless  otherwise  indicated  on  the 
experimental  data  sheets  in  Appendix  D . 

Gas  Analys is : The  collected  exit  gases  from  the  char 

layer  were  analyzed  on  a Packard  Model  7800  gas  chromatograph 
equipped  with  a Model  871  proportional  temperature  controller 
and  a Model  836  power  supply.  A Model  802  dual  column  oven  was 
also  included  in  the  chromatographic  system.  Figure  4-8  is  a 
photograph  of  the  analytical  equipment. 

Two  columns  were  used  to  determine  the  composition  of 
the  sampled  gases.  A nine  foot  by  one  quarter  inch  diameter 
column  packed  with  Hewlett-Packard  BPL-20  activated  charcoal 
was  used  to  determine  hydrogen,  carbon  monoxide  and  methane 
compositions.  A typical  scan  of  the  various  gas  species  is 
shown  in  Figure  4-9.  Approximately  fourteen  minutes  were 
required  to  obtain  a complete  scan. 

The  second  column  was  a six  foot  by  one  quarter  inch  glass 
column  packed  with  Porapak  S manufactured  by  Waters  Associates, 
Incorporated.  This  column  separated  methane,  carbon  dioxide, 
ethylene,  acetylene  and  ethane.  A typical  scan  for  these 
species  is  shown  in  Figure  4-10.  Approximately  seventeen 
minutes  were  required  to  complete  this  analysis. 

Duplicate  and  triplicate  samples  were  used  to  obtain  an 
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Figure  4-8.  Photograph  of  the  Gas  Chromatographic  System. 

Photo  by  J.  R.  Langley 
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average  composition.  Normalization  of  the  results  from  the 
two  columns  was  made  using  methane  gas  as  a reference.  A 
Honeywell  Electronik  16  recorder  was  used  to  record  the  peaks 
from  the  gas  chromatographic  system. 

The  accuracy  of  the  gas  chromatographic  analysis  was 
reported  as  the  standard  deviation  at  a ninety-five  per  cent 
confidence  limit.  Two  different  deviations  are  listed  in 
Table  4-4.  These  are  the  analytical  deviation  which  determines 
the  accuracy  of  the  gas  chromatographic  analysis  and  the 
sampling  plus  analytical  deviation  which  defines  the  overall 
accuracy  of  the  system.  The  closeness  of  the  two  deviations 
indicates  the  reproduceability  of  the  sampling  procedure. 

Liquid  Analysis : The  separated  liquid  phase  from  the  exit 

stream  was  analysed  for  phenol  content  by  a two-step  titrametric 
analysis.  This  procedure,  outlined  in  ASTM  Bulletin  D 2145  (6), 
involved  the  reaction  of  the  aqueous  phenol  solution  with 
excess  bromine  to  form  tribromophenol  according  to  the  following 
reaction: 

O" 

The  excess  bromine  was  then  mixed  with  potassium  iodide  forming 
free  iodine. 


Table  4-4.  Standard  Deviation  of  the  Gas  Chromatographic  Analyses. 
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excess 

Br„ 


KI 

f—  2KBr  + I 


(4-2) 


The  free  iodine  was  then  titrated  with  a standard  sodium 
thiosulfate  solution  to  a starch  indicator  end  point.  The 
amount  of  bromine  substitution  to  the  phenol  ring  determined 
the  phenol  concentration  in  solution.  Any  polymerized  or 
oxidized  phenols  were  assumed  to  be  present  in  small  concentration 
and  were  accounted  for  as  equivalent  phenol.  Results  were 
accurate  to  + 0.7  per  cent  at  a 95%  confidence  limit  for  a 
range  of  concentrations  from  27»  to  70%. 

Radioactive  Tracer  Analyses 

In  addition  to  the  above  analytical  procedures,  radioactive 
tracer  analyses  of  the  exit  stream  were  made  to  determine: 

(1)  the  gas  and/or  liquid  products  formed  from  the 
degradation  of  a certain  carbon-14  labeled  species  in  the 
simulated  pyrolysis  gas  (i.e.,  methane  and  phenol),  and, 

(2)  the  extent  of  carbon  deposition  within  the 
porous  char.  These  analyses  determined  the  degree  of  thermal 
decomposition  of  methane  and/or  phenol  to  carbon  and  lower 
molecular  weight  gases. 

A Packard  Instrument  Company  Model  2002  liquid  scintillation 
spectrometer  with  a Model  280A  precision  ratemeter  was  used  in 
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the  analysis,  A Model  325Tri-Carb  combustion  furnace  was  used 
to  combust  the  separated  gas  components  as  they  exited  the  gas 
chromatographic  column  to  carbon  dioxide  and  water.  Facilities 
for  counting  carbon-14  (labeled  CC^  combustion  products) 
and  tritium  (labeled  obtained  by  reducing  l^O  with  iron  at 
elevated  temperatures)  were  available  in  this  system.  The 
equipment  is  shown  in  Figure  4-11. 

Radioactivity  of  the  Separated  Gas  Chromatographic 
Effluent  Stream:  The  purpose  of  this  analysis  was  to  determine 

which  gas  products  were  formed  from  the  thermal  degradation  of 
carbon-14  labeled  methane  and/or  phenol  contained  in  a simulated 
pyrolysis  gas  stream.  The  analysis  involved  the  combustion  of 
each  separated  gas  component  to  carbon  dioxide  and  water. 
Complete  combustion  was  achieved  by  passing  the  gases  over 
copper  oxide  pellets  at  a controlled  temperature  of  750°F. 

Water  was  removed  by  absorption  in  a six  inch  by  one-quarter 

© 

inch  diameter  tube  packed  with  Aquasorb  . The  dry  carbon 
dioxide  was  then  bubbled  through  three  cubic  centimeters  of 
1 molar  hyamine  hydroxide  (in  methanol)  solution  for  absorption 
and  eventual  analysis  in  the  liquid  scintillation  spectrometer, 

A static  counting  procedure  was  used  for  periods  of  twenty 
minutes  or  greater.  Comparison  of  the  radioactivity  of  each 
collected  sample  corresponding  to  a gas  chromatographic  peak 
produced  the  desired  data  identifying  which  species  were 
formed  from  the  labeled  pyrolysis  gas  component.  The  relative 


Combustion  Oven  (2)  Rate  Meter  (3)  Scintillator 
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Photograph  of  the  Liquid  Scintillation 
Spectrometer . 

Photo  by  J.  R.  Langley 
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intensity  of  the  radioactive  level  of  each  sample  gave  a 
qualitative  indication  of  its  concentration  with  respect  to 
the  total  concentration  measured  by  the  gas  chromatographic 
analysis.  Figure  4-12  is  a typical  radioactive  analysis  plot 
of  the  separated  gas  species. 

Radioactivity  of  Solid  Carbon  and  Liquid  Products:  It  was 

also  important  in  this  research  to  determine  the  extent  of 
carbon  deposition  within  the  char  layer.  One  method  to  obtain 
this  information  involved  the  use  of  carbon-14  labeled  methane 
and/or  phenol  which  deposited  radioactive  carbon  within  the 
char  as  a result  of  thermal  degradation  of  the  simulated 
pyrolysis  products.  Analysis  of  the  char  specimen  for 
radioactivity  determined  the  extent  of  deposition. 

Combustion  of  the  char  specimen  in  a muffle  combustion  fur- 
nace with  dry  air  at  1400  - 1600° F produced  carbon  dioxide  which 
was  absorbed  in  a one  molar  hyamine  hydroxide  (in  a methanol) 
solution.  A diagram  of  the  equipment  is  shown  in  Figure  4-13. 
Sectioning  of  the  char  prior  to  combustion  was  used  as  a means 
of  determining  deposition  as  a function  of  char  depth.  This 
information  was  used  to  locate  the  position  (and  thus  temperature) 
where  carbon  deposition  became  significant.  This  also  indicated 
the  position  where  chemical  reactions  occur.  A typical  profile 
is  shown  in  Figure  4-14. 

Liquid  product  (or  unreacted  liquid  pyrolysis  components) 
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Figure  4-12.  Plot  of  the  Percent  Radioactivity  of  Each  Species  in  a Typical  Exit 
Gas  Sample  from  the  Char  Zone  Thermal  Environment  Simulator. 


Figure  4-13.  Schematic  Diagram  of  the  Muffler  Furnace  System  Used  to  Combust 
the  Char  Specimens  from  the  Char  Zone  Thermal  Environment  Simulator 
to  Water  and  Carbon  Dioxide  for  Radioactivity  Analysis. 
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Figure  4-14.  Plot  of  the  Percent  Radioactivity  vs.  the  Dimensionless  Char 
Distance  Illustrating  the  Location  of  Carbon  Deposition. 


195 


samples  were  also  analysed  for  radioactivity  to  determine  the 
extent  of  chemical  reaction  (conversion  of  the  labeled  pyrolysis 
component)  within  the  char.  Injection  of  the  liquid  sample  into 
the  inlet  side  of  the  Tri-Carb  combustion  furnace,  with  water 
absorption  and  COg  collection  for  radioactive  monitoring  was 
the  technique  used.  In  this  way  the  effects  of  color  and 
water  quenphing  were  eliminated  (7). 

Accuracy  of  the  Radioactive  Analyses : The  accuracy  of  the 

liquid  scintillation  spectrometer  is  measured  as  a standard 
deviation  and  is  approximately  equal  to  the  square  root  of 
the  number  of  counts  above  background  at  a 687,  confidence 
limit . 


(4-3) 


The  percent  error  is  calculated  as  the  standard  deviation 
divided  by  the  number  of  counts  times  one  hundred. 


% error  = 


( 4-4) 


The  percent  error  is  thus  reduced  by  increasing  the  number  of 
counts  per  sample.  In  the  case  of  this  research  where  a large 
system  dilution  was  experienced,  counting  times  up  to  100 
minutes  were  made  to  increase  the  counts,  and  thus  reduced  the 
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error.  The  background  count  of  the  scintillation  fluor  solution 
used  in  the  radioactive  tracer  analysis  varied  between  15-20  c pm. 
The  background  count  for  each  vial  was  calculated  as  the 
average  of  six  replicate  measurements  for  a period  of  100 
minutes  each.  The  smallest  counts  above  background  were 
approximately  20  cpm  counted  for  100  minutes  giving  2000 
counts.  The  percent  error  for  this  case  would  be: 

% error  = (2^-)l00  - 2 * 100  - 2.27. 

(4-5) 

which  is  an  unusually  large  value.  However,  these  levels  were 
encountered  only  in  gas  samples  which  had  been  collected  after 
being  separated  by  gas  chromatographic  analysis.  For  the 
purpose  of  indicating  which  products  were  produced  from  certain 
simulated  pyrolysis  products,  the  calculated  error  did  not 
significantly  affect  the  outcome  of  the  analysis.  This  is 
indicated  in  Figure  4-12  in  which  the  measured  radioactivity 
of  each  separated  species  is  plotted  vs.  retention  time.  The 
dotted  lines  indicate  the  standard  deviation  of  the  measured 
values . 

For  the  case  of  solid  and  liquid  samples,  the  counts 
obtained  per  sample  were  always  in  excess  of  10,000  counts. 

The  percent  error  at  10,000  counts  is  1.07o  and  the  standard 
deviation  at  the  68%  confidence  limit  is  + 100  counts. 
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A more  detailed  discussion  of  the  random  error  associated 
with  materials  undergoing  radioactive  decay  can  be  found  in 
the  work  of  Wang  and  Willis  (8). 
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V.  OPERATING  PROCEDURES  FOR  THE  CHAR  ZONE 


THERMAL  ENVIRONMENT  SIMULATOR 

The  procedure  used  for  all  experiments  with  the  Char 
Zone  Thermal  Environment  Simulator  considered  safety  as  the 
prime  requisite.  The  recommendations  for  safe  handling  of 
hazardous  materials  outlined  in  Dangerous  Properties  of 
Industrial  Materials  by  N.  I.  Sax  (1)  and  "Chemical  Safety 
Data  Sheets"  by  the  Manufacturing  Chemists'  Association  (2,3,4) 
were  used  as  guides.  Proper  ventilation  of  the  laboratory 
and  various  safety  devices  including  exhaust  hoods,  eye  wash 
basin,  safety  shower,  fire  extinguisher  and  self-contained 
breathing  equipment  were  available  and  employed. 

The  experimental  procedure  for  the  operation  of  the  Char 
Zone  Thermal  Environment  Simulator  is  divided  into  five  main 
portions  for  convenience.  These  are: 

(1)  Pre-startup  phase 

(2)  Startup  phase 

(3)  Experimental  phase 

(4)  Shutdown  phase 

(5)  Analytical  phase 

These  will  be  discussed  in  the  following  paragraphs. 

Pre-startup  Phase 

The  pre-startup  phase  involved  a one  hour  check  period  of 
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the  apparatus  and  auxiliary  equipment.  During  this  time  the 
following  items  were  checked: 

(1)  Insertion  of  the  char  holder  section  was  made  with 
proper  allignment. 

(2)  Pressure  and  leak  testing  of  all  process  lines,  feed 
vessels  and  sampling  containers  were  made. 

(3)  All  recorders  and  other  measuring  devices  were 
properly  installed  and  tested. 

(4)  Coolant  air  and  water  lines  were  checked  for  proper 
operation  and  sufficient  volumes. 

(5)  Vent  system  and  safety  equipment  were  operative. 
After  these  items  were  satisfactorily  checked,  the  second 
phase  of  the  procedure  was  started. 

Startup  Phase 

This  phase  of  the  procedure  dealt  with  the  final  adjust- 
ments to  the  system  prior  to  the  experimental  phase.  During 
this  period  the  equipment  was  subjected  to  full  power  with 
on-line  checking  of  the  recorders  and  process  supply  lines. 

The  following  items  were  checked  during  this  phase: 

(1)  Helium  (or  Argon)  gas  at  the  experimental  flow  rate 
level  was  started. 

(2)  Temperature  recorders  and  other  measuring  devices 


were  turned  on. 
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(3)  Water  flow  to  the  reflector  (and  outer  char  holder 
section  when  needed)  was  turned  on. 

(4)  Air  flow  to  the  terminal  block  cooling  system  was 
turned  on. 

(5)  Sample  bombs  were  evacuated  and  inserted  into  the 
sampling  manifold. 

(6)  Hood  vent  system  was  adjusted  to  pull  directly 
from  the  apparatus  hood  section  with  total  exhaust 
through  the  vent  stack. 

(7)  Heating  lamps  were  turned  on. 

At  this  point  a,  final  check  was  made  to  make  certain  the 
pyrometer  was  focused  on  the  char  surface  and  the  temperature 
was  recording  properly.  Several  on-line  checks  of  the  pressure 
drop,  terminal  block  temperatures  and  flow  rates  were  made 
to  make  certain  that  operation  was  normal.  This  phase  of 
the  procedure  continued  until  the  front  and  back  surface 
temperatures  were  constant.  At  this  point  the  experimental 
phase  started. 

Experimental  Phase 

The  experimental  phase  began  when  simulated  pyrolysis 
gas  and  liquid  species  were  substituted  for  the  helium  (or 
Argon)  flow  in  the  system.  An  additional  check  period  was 
made  for  temperatures  to  return  to  steady  state  (about  5-7 
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minutes).  Data  were  recorded  and  sampling  of  the  exit  gases 
and  liquids  were  made  at  three  to  five  minute  intervals  during 
the  run.  The  total  time  for  a normal  experimental  run  was 
from  fifteen  to  twenty  minutes  in  length. 

Additional  runs  were  made  by  changing  conditions  and 
allowing  sufficient  time  for  the  system  to  again  reach  steady 
state.  During  this  waiting  period  the  exit  gases  were  by- 
passed around  the  sampling  manifold  and  the  gas  sampling 
containers  from  the  previous  run  were  exchanged  with  empty 
bombs.  This  procedure  was  continued  for  a maximum  of  one 
hour  and  thirty  minutes  total  run  time.  This  maximum  was 
set  to  decrease  the  possibility  of  severe  damage  to  the  heating 
system  and  the  char  holder. 

Shutdown  Phase 

The  termination  of  the  experimental  phase  was  made  by 
following  the  outlined  procedure  listed  below: 

(1)  The  pyrolysis  gas  flow  was  stopped  and  helium  (or 
argon)  flow  was  begun, 

(2)  The  exit  gas  was  by-passed  around  the  sampling 
manifold . 

(3)  The  lamps  were  turned  off. 

(4)  All  flows  were  left  on  until  a temperature  of 
200°F  or  less  was  attained  by  the  char  holder. 
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(5)  All  recorders  and  other  measuring  devices  were 
turned  off. 

(6)  All  flows  were  stopped. 

(7)  The  hood  system  was  placed  in  the  normal  operating 
condition  with  the  apparatus  hood  isolated  from 
the  system. 

(8)  Equipment  and  recorder  pens  were  cleaned  and  stored 
for  the  next  experiment. 

(9)  The  char  holder,  lamps  and  reflector  were  inspected 
for  damage  after  removing  and  labeling  the  char 
specimens  for  char  density  analysis. 

The  entire  experimental  procedure  required  between  three 
and  four  hours  of  preparation  and  run  time,  excluding  the 
analytical  phase  of  the  operation.  This  part  was  done 
separately  and  usually  required  a one  to  two  day  period 
for  a one  hour  experiment. 

Analytical  Phase 

The  analytical  procedures  are  subdivided  into  four  areas . 
These  are  the  gas  analysis,  the  liquid  analysis,  the  char 
analysis  and  the  radioactive  analyses.  Each  procedure  will 
be  discussed  separately  in  the  following  paragraphs. 

Gas  Analyses : In  order  to  obtain  accurate  analyses  of  the 

gas  collected  from  the  Char  Zone  Thermal  Environment  Simulator, 
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the  gas  chromatograph  must  be  calibrated  for  the  type  and 
concentration  of  each  gas  component  contained  in  the  sample. 
Reagent  grade  gases  (see  Table  4-3)  were  used  for  this  purpose 
and  calibration  by  the  peak  area  technique  was  employed. 

Calibration  Procedure : The  equipment  used  to  calibrate 

the  gas  chromatograph  is  shown  in  Figure  5-1.  The  method  involved 
the  introduction  of  a pure  gas  sample  into  the  gas  sampling 
valve  of  the  chromatograph  through  valve  A with  all  other  valves 
closed.  After  a sufficient  flow  of  gas  was  noted  exiting  the 
system  through  the  water  "bubbler",  valve  A was  closed  and  valves 
B and  C opened.  A vacuum  pump  was  used  to  evacuate  the  system 
to  a specific  pressure  measured  with  the  manometer.  At  that 
point  the  manometer  reading  was  recorded  and  the  sample  injected. 
The  mole  percent  of  the  pure  gas  in  the  sampling  loop  was 
calculated  as: 


Mole  7o 


P P 

f Barometer  - ManometerV^Q 

v ^Barometer 


(5-1) 


A plot  of  the  peak  area  as  a function  of  the  mole  percent  pure 
gas  injected  into  the  chromatograph  gave  the  calibration 
curve  desired.  An  example  calibration  curve  for  methane  is 
shown  in  Figure  5-2.  In  order  to  cover  the  entire  range  of 
concentrations  obtained  during  the  experimental  program,  it 
was  necessary,  in  some  cases,  to  calibrate  for  the  sample  gas 
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Equipment  Used  to  Calibrate  the  Gas  Chromatographic  System. 


Peak  Area 
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Methane  Calibration: 

Sensitivity 

50  mv 

Column  Poropac  S 

Total  Pressure 

30.2  in  Hg 

Flow  Rate 

21.5  cc/min 

Colm.  Temp. 

150°F 

Inlet  Temp. 

165°F 

Outlet  Temp. 

180°F 

Detector  Temp. 

165  °F 

Bridge  Current 

175  ma 

Carrier  Gas 

Argon 

Calibration  Date: 

O 12/25/68 

O 1/5/69 

Figure  5-2.  Typical  Calibration  Curve  for  Methane  on  the 

Poropac  S Column, 
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component  at  various  chromatograph  sensitivities.  Once  these 
curves  had  been  prepared,  however,  it  was  a simple  procedure 
to  calculate  the  composition  of  gas  samples  accurately  and 
quickly. 

Determination  of  Reproducibility:  The  gas  analyses  were 

regularly  checked  for  reproducibility.  One  of  two  techniques 

were  used.  First,  injection  of  a pure  gas  used  to  calibrate 
the  instrument  was  made  and  the  peak  area  vs.  concentration  was 
compared  with  the  calibration  curve.  Agreement  within  the 
accuracy  limitations  of  the  system  constituted  a reproducible 
analysis . 

Secondly,  a standard  sample,  (i.e.,  one  which  contained 
all  gas  components  at  or  near  the  expected  concentrations  in 
typical  exit  gas  samples),  was  injected  into  the  chromatograph 
with  comparison  against  the  actual  composition  of  the  mixture. 
Again,  an  analysis  within  the  tolerable  limits  constituted  a 
reproducible  analysis. 

Each  of  the  above  methods  were  used  frequently  to  insure 
the  proper  and  accurate  operation  of  the  instrument.  Recali- 
bration of  the  system  was  repeated  when  either  of  the  above 
tests  failed  to  reproduce  the  standard  analyses. 

Samp 1 ing  Technique:  In  addition  to  errors  caused  by  changes 
in  the  system,  quite  often  changes  in  sampling  technique 
produced  non-reproducible  analyses.  The  particular  chromatographic 
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system  was  equipped  to  minimize  the  error  associated  with 
varying  sample  size  by  using  two  one  cubic  centimeter  sampling 
loops.  These  loops  where  connected  by  a Carle  Sampling  Valve, 
Model  No.  2014,  which  alternately  filled  one  loop  with  a gas 
sample  while  sweeping  the  other  loop  with  carrier  gas  to  the 
detector  of  the  gas  chromatograph  for  analysis. 

Gas  samples  were  introduced  into  the  loops  by  forcing 
mercury  into  the  containers  from  the  bottom.  This  compressed 
the  gases  in  the  container  such  that  flow  into  the  sampling 
valve  was  obtained  by  opening  the  top  stopcock.  This  method 
proved  far  superior  to  the  gas  bladder  method  of  injection 
with  regard  to  leaks  and  ease  of  handling.  The  operating 
procedure  for  the  gas  chromatograph  is  standard  information 
and  reference  is  made  to  Figures  4-9  and  4-10  for  the 
operating  conditions  used  in  this  research. 

Liquid  Analysis:  The  method  for  determining  phenol  in 

aqueous  solutions  is  reported  in  ASTM  Bulletin  D 2145  (5). 

A summary  of  that  procedure  follows. 

Preparation  of  Standard  Solutions : The  following  standard 

solutions  are  required  in  the  analysis  for  phenol  in  aqueous 
solutions . 

1.  Bromide-Bromate  solution  is  made  by  dissolving 
10.2  grams  of  KBr  and  2.8  grams  of  KBrO^  in  water  with  dilution 
to  one  liter. 


2.  Hydrochloric  acid  solution  is  made  by  mixing  an 
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equal  volume  of  concentrated  HCl  (sp.  gr . 1.19)  with  water. 

3.  Potassium  Iodide  solution  is  made  by  dissolving 
150  grams  of  KI  in  water  with  dilution  to  1 liter. 

4.  Sodium  Thiosulfate  standard  solution  is  made 
by  dissolving  25.0  grams  of  Na2S203  . 5H20  in  boiling  water. 

Add  0.1  gram  of  Na2C03  to  the  cooled  solution  to  stabilize 
and  dilute  to  one  liter.  Standardize  at  frequent  intervals  to 
insure  an  accurate  normality. 

5.  Starch  solution  is  made  by  titrating  5 grams  of 
soluble  starch  and  five  to  ten  milligrams  of  Hgl2  with  three 
to  five  milliliters  of  water.  Add  the  suspension  to  one  liter 
of  boiling  water  and  boil  for  five  to  ten  minutes.  Decant  the 
clear  supernatant  after  cooling. 

Analytical  Procedure:  The  analytical  procedure  for  phenol 

determination  follows: 

1.  Accurately  weigh  0.5  - 0.6  grams  of  the  aqueous 
phenol  solution  into  a five  hundred  milliliter  volumeters 
flask.  (Take  larger  samples  if  the  concentration  is  less 
than  85%) . 

2.  Mark  two  250  ml.  iodine  flasks  as  "blank”  and 
two  as  samples.  Pipet  50  ml.  of  the  sample  solution  into  each 
flask  marked  "blank".  Pipet  50  ml.  of  bromide -bromate  solution 
into  each  flask.  Measure  10  ml.  of  the  HCl  solution  with  a small 
graduate.  Add  the  contents  to  one  of  the  flasks  all  at  once  and 
stopper  quickly  sealing  the  top  by  pouring  5 mis.  of  KI  solution 
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into  the  neck  surrounding  the  glass  stopper.  Swirl  vigorously 
for  thirty  seconds.  Repeat  for  the  remaining  three  flasks. 

3.  Allow  each  flask  to  stand  undisturbed  for  ten 
minutes,  Cool  in  an  ice  bath  for  one  minute.  Loosen  the  stopper 
and  allow  the  first  solution  to  flow  into  the  flask.  Shake  for 
thirty  seconds.  Add  KI  in  the  neck,  recool,  allow  the  second  to 
enter  the  flask  and  shake  again  for  thirty  seconds.  Repeat  once 
more.  (A  brown  color  in  the  vapor  space  of  the  flask  after 

each  treatment  indicates  free  bromine.  The  addition  of  KI 
until  the  bromine  color  is  no  longer  visible  indicates  successful 
reaction  with  KI.) 

4.  Rinse  the  stopper  and  flask  walls  with  water. 
Titrate  the  solution  with  ^2820^.  When  the  color  changes 
to  pale  yellow,  add  five  ml.  of  starch  solution.  Continue 
titrating  to  a clear  (from  blue)  end  point. 

5.  The  phenol  concentration  in  the  original  sample 
is  calculated  using  the  following  equation: 


Phenol  (%  wt.)  = 


ip1,  of  Na2S,°3 
(|_req  d for  blan 

(Normality  of  Na„S 


soln 
ahks 


~|  - rml‘.r-2^3 


of  Na2S202Soln. 
|_req’d  for  samples 


} 


[ 


2“203)  X 1>569 


grams  of  original  sample 


] 


(5-2) 


The  standard  deviation  was  calculated  as  0.77,  at  a 957  confidence 
limit  over  a phenol  concentration  range  of  2 - 70%. 

Char  Analysis : In  order  to  analyze  the  char  specimens 
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removed  from  the  Char  Zone  Thermal  Environment  Simulator  for 

radioactivity,  combustion  to  water  and  CC^  followed  by 

14 

absorption  of  the  labeled  (C  ) CC>2  was  required.  To  do  this, 
a muffler  combustion  furnace  was  used.  Char  specimens  were 
placed  in  the  combustion  tube  at  1500°F  and  dry  air  was  passed 
over  the  carbon  for  2 to  3 hours.  The  exit  gas  was  passed 
through  a water  absorber  and  then  a CC^  absorber  for  subsequent 
radioactive  monitoring. 

In  this  study,  the  carbon  deposition  as  a function  of 

char  depth  was  desired.  To  accomplish  this  experimentally, 

thin  slices  of  the  specimen  were  removed  by  lightly  passing 

them  over  emery  paper.  The  collected  "fines"  were  placed 

in  the  combustion  tube  after  recording  the  weight  loss  of  the 

original  char.  This  procedure  was  repeated  for  up  to  seven 

14 

to  ten  sections  with  collection  of  the  CO^  (C  labeled)  exit 
gas  after  combustion  of  each  section.  The  samples  were  then 
prepared  for  radioactive  analysis. 

Radioactive  Analysis : All  radioactive  analyses  were  made 

using  gases  combusted  in  either  the  Tri-Carb  Furnace  (gas 
chromatographic  systems)  or  the  muffler  combustion  furnace 
(chars)  for  higher  counting  efficiencies  (6).  Samples  were 
collected  in  1 molar  hyamine  hydroxide  (in  methanol)  solution 
with  subsequent  dilution  in  standard  scintillation  fluor.  The 
following  procedures  were  used  for  each  analysis. 
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Preparation  of  the  Scintillation  Fluor:  The  concentrated 

liquid  scintillation  solution  was  made  by  dissolving  125 
grams  of  2,5-diphenyloxozole  (PPO)  and  2,5  grams  of  1,4- 
bis-2 (4-methyl-5-Phenyloxozolyl) -benzene  in  pure  toluene 
diluted  to  one  liter.  Both  compounds  were  obtained  from  the 
Packard  Instrument  Company. 

The  scintillation  fluor  used  in  the  radioactive  analysis 
was  made  by  adding  1 ml.  of  the  concentrated  solution  to 
twenty-four  milliliters  of  toluene. 

Radioactive  Gas  Analyses : The  effluent  stream  from  the 

gas  chromatograph  was  monitored  for  radioactivity  to  ascertain 

the  products  and  quantities  of  materials  formed  from  the  original 
14 

C labeled  species  in  the  simulated  pyrolysis  gas.  The  effluent 
gas  was  passed  through  test  tubes  containing  about  3 cc  of 
1 molar  hyamine  hydroxide  (in  methanol)  solution.  At  1/2  and/or 
1 minute  intervals,  the  test  tubes  were  changed,  thus  producing 
a discrete  sampling  pattern  of  the  effluent  gas.  This  was 
continued  for  the  entire  length  of  the  gas  chromatogram.  The 
contents  of  the  test  tube  were  emptied  into  the  scintillation 
fluor  solution  for  radioactive  counting.  Comparison  of  the 
radioactivity  in  each  test  tube  with  the  gas  chromatogram, 
produced  the  necessary  identification  of  the  components  formed 
from  reactions  of  the  labeled  species  in  the  simulated  pyrolysis 
gas.  Repeated  injection  of  the  same  gas  sample  was  often  done 
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to  concentrate  the  radioactive  level  in  the  separate  test  tubes. 
Approximately  thirty  minutes  between  injections  were  required 
to  reduce  the  radioactivity  in  the  system  to  a non-contamination 
level.  Counting  for  100  minutes  was  made  to  decrease  the  error 
of  the  analysis. 

Radioactive  Liquid  and  Char  Analyses : The  liquid  and  char 

radioactive  analyses  were  identical  to  the  gas  analyses.  The 
only  exceptions  were: 

(1)  the  liquid  sample  was  injected  by  syringe  ( 1 - 10jj,l ) 
into  the  gas  chromatographic  column  instead  of  entering  through 
the  sampling  loop, 

(2)  the  entire  combusted  effluent  stream  from  the 
liquid  and  char  combustions  were  collected  in  only  one  container 
for  radioactive  counting, 

(3)  for  the  char  samples,  the  muffler  combustion 
furnace  was  used  instead  of  the  Tri-Carb  furnace  to  combust 
the  solid  carbon  or  graphite. 

Disposal  of  Radioactive  Samples:  All  samples  containing 

radioactive  carbon  in  the  gaseous  state  were  disposed  through 
the  laboratory  hood  designed  specifically  for  that  purpose 
according  to  Handbook  53  of  the  U.S.  Department  of  Commerce  and 
approved  by  the  university's  health  physicist.  Liquid  samples 
and  samples  in  scintillator  fluor  were  collected  in  a special 
container  for  disposal  by  the  L,S.U.  Nuclear  Science  Center.  No 
solid  samples  were  retained  in  that  state.  All  char  specimens  were 
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combusted  to  CO^  and  with  complete  absorption  of  the  labeled 
carbon  dioxide  in  1 molar  hyamine  hydroxide  (in  methanol)  solution. 
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VI.  RESULTS  OF  THE  NON- EQUILIBRIUM  ANALYSIS  OF  PYROLYSIS 
GAS  FLOW  IN  THE  CHAR  ZONE 


Introduction 

The  results  of  the  non-equilibrium  analysis  for  pyrolysis 
gas  flow  in  the  char  zone  are  presented  in  this  chapter.  In 
order  to  obtain  solutions  to  the  equations  of  change,  the 
important  chemical  reactions  occurring  within  the  char;  and, 
the  pyrolysis  gas  composition  entering  at  the  back  surface  must 
be  specified.  The  first  part  of  this  discussion  is,  therefore, 
devoted  to  the  methods  of  selecting  the  correct  initial  compo- 
sition and  important  chemical  reactions  for  non-equilibrium  flow. 

This  is  followed  by  the  solutions  of  the  energy,  momentum, 
heat  flux  and  species  continuity  equations  with  comparisons  to 
the  experimental  data  obtained  in  the  Char  Zone  Thermal  Enviorn- 
ment  Simulator.  Low  density  nylon-phenolic  resin  chars  formed 
under  simulated  reentry  conditions  in  arc  jets  at  the  Langley 
Research  Center  were  used  in  this  phase  of  the  research.  In 
this  way  the  accuracy  of  the  non-equilibrium  model  for  predicting 
the  real  behavior  is  determined.  Further  comparisons  with  the 
two  limiting  models  of  frozen  and  equilibrium  flow  are  made  to 
determine  the  relative  accuracy  of  each  model  in  predicting  the 
energy  transfer  in  the  char  layer.  This  is  followed  by  a 
detailed  parametric  study  in  which  the  three  flow  models  are 
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compared  over  a wide  range  of  mass  flux,  heat  of  pyrolysis  and 
front  surface  temperature  values. 

In  subsequent  sections,  the  reacting  flow  of  the  simulated 
pyrolysis  gases  through  porous  graphite  will  be  compared  with 
data  obtained  using  chars  formed  from  low  density  nylon- 
phenolic  resin  composites.  The  ability  of  the  non-equilibrium 
flow  model  to  accurately  predict  the  behavior  in  each  medium 
will  justify  the  study  of  carbon  deposition  and  pyrolysis  gas 
decomposition  using  radioactive  tracer  technology  with  the  more 
readily  available  and  workable  simulated  char  specimens. 

The  effect  of  homogeneous  and  heterogeneous  catalysts 
on  the  chemical  reaction  rates  and  product  distributions  will 
also  be  determined  and  compared  with  the  non-catalytic  data. 

In  this  way  the  feasibility  of  adding  small  quantities  of  compounds 
that  catalytically  affect  the  heat  absorption  at  lower  tempera- 
tures can  be  determined. 

Finally,  a study  of  the  effect  of  air  injection  at  the  front 
char  surface  is  discussed.  This  work  was  aimed  at  determining 
the  extent  of  combustion  of  the  porous  media  at  temperatures 
between  1500  - 2000°F. 

Non- Equilibrium  Flow  of  Pyrolysis  Gases  in  the  Char  Zone 

The  non-equilibrium  flow  analysis  describes  the  actual 
behavior  within  the  char  zone  in  which  pyrolysis  gases  and  char 
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react  chemically  at  finite  reaction  rates.  In  order  to  accurately 
predict  this  behavior,  the  pyrolysis  gas  composition  entering 
the  char  layer  and  the  important  chemical  reactions  and  corres- 
ponding rate  data  must  be  available.  The  following  sections 
discuss  the  development  of  this  essential  information. 

Pyrolysis  Products  Entering  the  Char  Zone:  In  order  to 

simulate  analytically  and  experimentally  the  char  zone  during 
ablation,  a very  accurate  description  of  the  pyrolysis  products 
resulting  from  the  thermal  degradation  of  low  density,  nylon- 
phenolic  resins  must  be  known.  Although  this  has  been  the  topic 
of  a great  deal  of  research  (1,2, 3, 4, 5),  the  inability  to  deter- 
mine the  chemical  composition  of  varying  quantities  of  liquid 
residues  prevented  an  accurate  description  needed  in  a non- 
equilibrium flow  analysis.  The  gas  species  (near  room  tempe- 
rature) were  identified,  however,  and  these  formed  the  basis 
of  early  experimental  and  analytical  studies  of  the  char  layer 
phenomena  (6,7,8,9,10).  Some  typical  analyses  are  shown  in 
Table  6-1  for  these  studies. 

Notable  advances  were  made  by  Nelson  (1)  and  Sykes  (2,3) 
in  which  a large  portion  of  the  unidentified  liquid  residue  was 
analysed.  Their  methods  included  pyrolysis  gas  chromatography, 
differential  thermal  analysis  and  thermogravimetric  analysis  of 
nylon-phenolic  resin,  silicone  elastomers,  and  composites  of 
these  polymers.  Typical  analyses  are  presented  in  Table  6-2. 


Totals 


Table  6-2.  Pyrolysis  Products  Resulting  From  the  Thermal  Degradation  of  Nylon-Phenolic 
Resins  Including  the  Identified  High  Molecular  Weight  Species. 


/“N 

r-H 

s>5 

d 

0 

CU 

i — 1 

d 

O 

•H 

s 

03 

CU 

/-N 

Pd 

CvJ 

'<w' 

0 

*iH 

03 

r-H 

cu 

O 

d 

>*> 

CU 

CO 

d 

Pm 

' — ✓ 

r^.rMOOCMvJ-Or-IvtCMLnOOC'J  I O 

o*«a*o«o*a*oo»l  9 

vo<n  oooooi^~cr*m>-<cMOm  I o 
•4-  <n  I o 


O 

O 

0 

0 

O 

O 

O 

4J 

G\ 

1 

ctf 

O 

03 

O 

00 

•rH 

03 

O 

4-> 

r— 1 

O 

03 

u 

4-> 

d 

P-) 

CU 

!>> 

S 

CU 

PQ 

u 

0 

d 

M 

'OONN<tn<ttNOvDfflC<14H 

00400000099000 

N<rncMOOCMEM<frOvOfOOO 

O')  CN]  1 — I 


w 2 
W I >1 
<U  I P-l 
-X 


OO00<f<tOCNJ«sJ00COi-li-!00CM 


00  M M O O r I O 00  lo  cs!  O O CT\ 

CO  H N 


1 — 1 

CU 

<-1  0 

CU 

T3 

CU 

0 a 

c 

•rH 

XJ 

t— 1 

g a) 

0 

X 

”rl 

HD 

O 

<U  M 

G 

0 

X 

CU 

G 

Xi  cx 

ctf 

G 

O 

*>rl 

CU 

O-  rH 

4J 

O 

•H 

UH 

d 

1—!  {>•* 

d 

d 

a 

p 

•rH 

a. 

d 

<u 

CU 

CU 

CU  CU 

C3 

4-J 

«— 1 

1— i 

d 4J 

G 

G 

a 

60  G 

d 

d 

•rH 

d 

0 

>>  4->  <U 

(U 

(U 

0 

O ctf 

0 

0 

u 

d 

CU 

d 

X5 

<u  B 

N 

3 

1 — 1 

H X! 

X 

X 

CU 

O 

rO 

<u 

u 

B -H 

d 

r— 1 

0 

nj  4J 

Cl 

J-4 

4J 

p 

°rH 

X! 

CU 

*«H  M 

CU 

0 

>, 

>1  0) 

cti 

B 

d 

P 

a 

P H 

PQ 

H 

0 

« a 

0 

0 

& 

<2 

p 

220 


The  identification  of  these  previously  unknown  species  (i.e., 
phenol,  cresol,  xylene,  etc.)  was  valuable  information  in  the 
formulation  of  an  accurate  non-equilibrium  flow  analysis  for 
flow  in  the  char  zone. 

In  this  research,  the  analyses  of  Sykes  (2)  were  used  with 
one  modification.  The  identified  cyclic  compounds,  e.g.  cresol, 
xylene,  which  were  3%  by  weight  of  the  total,  were  considered 
to  be  phenol.  This  was  done  to  reduce  the  experimental 
difficulties  encountered  with  the  metering  of  liquid  phases 
in  the  Char  Zone  Thermal  Environment  Simulator,  and,  to  keep 
the  total  number  of  species  in  the  system  to  a small,  but  repre- 
sentative size.  In  so  doing,  the  composition  was  adjusted  to 
the  values  listed  in  Table  6-3. 

To  determine  whether  this  simulated  gas  represented  the 
actual  pysolysis  products  at  the  back  surface,  an  energy  balance 
was  made  using  experimental  heats  of  pyrolysis  (1,2)  and  com- 
bustion (10)  data  for  the  virgin  plastic  materials,  and  the 
heats  of  formation  of  the  simulated  gas  species  (12).  The 
results,  presented  in  Table  6-4  and  discussed  in  detail  in 
Appendix  G,  indicate  the  reliability  of  the  simulation.  A 
calculated  value  of  the  heat  of  pyrolysis  of  213  BTU/lb  was 
within  the  experminetal  accuracy  of  the  reported  value  (200  + 

20  BTU/bl)  as  shown  in  Table  6-4.  The  various  simulated 
pyrolysis  product  compositions  used  in  the  experimental  studies 


Table  6-3,,  Composition  of  the  Simulated  Pyrolysis  Products  as  Compared  with  the  Analyses 
of  Sykes (2)  for  the  Thermal  Degradation  of  Low  Density  Nylon-Phenolic  Resins. 
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are  summarized  in  Table  6-5. 

Important  Chemical  Reactions : The  basis  for  selecting  or 

omitting  chemical  reactions  in  the  non-equilibrium  flow 
model  is  the  isothermal  analysis  discussed  in  Chapter  III  and 
developed  in  Appendix  F.  For  the  pyrolysis  products  listed 
in  Table  6-5  over  a temperature  range  of  500  - 3000°F.,  the 
reactions  and  corresponding  kinetic  data  describing  the  non- 
equilibrium flow  in  the  char  zone  are  presented  in  Table  6-6. 

The  numbers  underlined  in  the  reference  column  represent  the 
more  reliable  sources  of  information  with  specific  application 
to  this  research.  The  contribution  and  importance  of  each 
reaction  is  discussed  in  the  following  paragraphs; 

(1)  Hight  Hydrocarbon  Cracking  Reactions;  The  first  order 
thermal  decomposition  of  methane,  ethane,  ethylene  and  acetylene 
represented  in  reactions  6-1  through  6-4  in  Table  6-6  is  a very 
important  and  necessary  set  of  reactions  if  non-equilibrium  flow 
is  to  be  accurately  described.  Although  methane  is  the  only 
major  light  hydrocarbon  in  the  pyrolysis  product  stream  entering 
the  char,  reactions  of  ethane,  ethylene,  and  acetylene  must 
be  included  to  account  for  their  formation  and  subsequent  reac- 
tion within  the  char.  This  was  observed  experimentally  in  the 
Char  Zone  Thermal  Environment  Simulator  in  which  small  quantities 
(0.1  - 1.5  mole  %)  of  ethylene  and  acetylene  were  identified  in 
the  exit  gas  stream.  No  noticeable  quantities  ( < 0.1  mole  %) 


Table  6-6,  Important  Reactions  and  Associated  Kinetic  Data  for  the  Pyrolysis  Product 

Species  in  the  Char  Zone  Between  500-3000°F. 
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of  ethane  were  found  even  at  relatively  high  methane  conversion. 
The  reaction  of  carbon  with  hydrogen  (reaction  6-5)  forming 
methane  was  also  important  over  the  tempreature  range  from 
500°F  to  3000°F. 

(a)  Methane  Decomposition:  The  reaction  rate 

constant  for  the  thermal  decomposition  of  methane  to  ethane 
and  hydrogen  was  based  on  the  reported  research  of  Palmer 

and  Hirt  (13)  and  Kozlov  and  Knorre  (14).  The  activation  energy 

of  95  Kcal/mole  and  the  frequency  factor  of  7.6  x 10^  sec  ^ 

used  in  the  non-equilibrium  flow  model  agreed  closely  with  the 

values  reported  by  Kozlov  and  Knorre  (14)  who  correlated  the 

results  of  several  investigators.  Their  values  were 

91  Kcal/mole  and  4.5  x 10  sec  . The  range  of  activation 

energies  in  the  literature  varied  from  a low  value  of  73  Kcal/ 

mole  to  103  Kcal/mole  (15,  16,  17,  18,  19).  Values  between 
13  15  “1 

4 .5  x 10  and  1.0  x 10  sec  were  also  reported  for  the 
frequency  factor. 

(b)  Decomposition  of  Ethane:  The  ethane  formed  by 

reaction  (6-1)  reacts  completely  forming  ethylene  as  observed 
by  its  total  absence  in  the  exit  stream  from  the  Char  Zone 
Thermal  Environment  Simulator.  This  indicated  a somewhat 
faster  reaction  rate  than  that  for  the  decomposition  of  methane 
and  required  the  combination  of  a low  activation  energy  and/or 
a high  frequency  factor.  Steacie  and  Shane  (27)  and  Kozlov 
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and  Knorre  (14)  reported  values  of  69  Kcal/mole  and  1 x 10^ 
sec  ^ for  the  activation  energy  and  frequency  factor,  respec- 
tively. The  values  used  in  the  non-equilibrium  flow  analysis 

13  -I 

were  70  Kcal/mole  and  3.1  x 10  sec  and  are  in  good  agreement 

with  the  literature  data.  The  range  of  activation  energies  and 

frequency  factors  reported  (14,20,27)  were  64-78  Kcal/mole 
, n13.5  iril4  -1 

and  10  - 10  sec 

(c)  Decomposition  of  Ethylene:  The  thermal  degradation 

of  ethylene  to  acetylene  and  hydrogen  is  given  by  reaction 

8 "1 

(6-3).  Values  of  40  Kcal/mole  and  2.6  x 10  sec  were  used 
in  the  non-equilibrium  flow  model  as  the  activation  energy  and 
frequency  factor.  These  were  the  values  reported  by  Kozlov  and 
Knorre  (14)  who  correlated  data  from  several  sources.  Ethylene 
in  small  concentrations  were  observed  in  the  exit  porduct  stream 
from  the  Char  Zone  Thermal  Environment  Simulator. 

(d)  Acetylene  Decomposition:  Like  ethylene,  acetylene 

was  identified  in  small  concentrations  (but  to  a larger  extent 
than  ethylene)  in  the  exit  product  stream.  The  reaction  rate 
should  be  comparable  to  the  rate  for  ethylene  reaction  or  perhaps 
slightly  faster  due  to  formation  of  acetylene  by  benzene  decom- 
position (reaction  6-7).  An  activation  energy  of  10  Kcal/mole 

10  -1  -1  3 

and  a frequency  factor  of  5.1  x 10  sec  mole  cm  were 
used  in  the  second  order  rate  equation  in  the  TEMPRE  System. 

The  range  in  the  energy  of  activation  reported  in  the  literature 
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varied  from  7-50  Kcal/mole  (14,22,28,29).  A frequency  factor 
of  5.1  x 10  ^ sec  ^ mole  ^ cnf*  was  reported  by  Happel  and 
Kramer  (28).  Reaction  (6-4)  is  the  only  major  reaction  of 
acetylene  of  importance  in  this  system,  due  to  the  absence  of 
the  acetylene  polymerization  products,  benzene,  diacetylene 
and  triacetylene,  in  the  exit  stream. 

(e)  Methane  Formation  from  the  Reaction  of  Hydrogen 
and  Carbon:  In  addition  to  the  above  reactions  involving  the 

light  hydrocarbon  products,  reaction  (6-5)  in  Table  6-6  is 
also  important.  Breisacher  and  Marx  (30)  and  Corney  and 
Thomas  (31)  observed  an  inflection  point  in  the  rate  of 
methane  production  when  hydrogen  was  passed  over  graphite.  This 
inflection  occurred  near  1200  - 1300°F  and  resulted  in  a 
reduction  in  the  activation  energy  from  70  to  12  Kcal/mole. 

The  order  of  the  reaction  varied  between  zero  and  one  half  as 
the  temperature  increased  to  2000°F.  The  reaction  kinetics 
data  for  hydrogen  atoms  with  carbon  films  by  King  and  Wise  (32) 
indicate  a zeroth  order  reaction  and  an  activation  energy  of 
7-9  Kcal/mole  at  440°F.  A value  of  17  Kcal/mole  for  the 

9 

activation  energy  and  a frequency  factor  of  2 x 10  gm  mole/ 

3 

cm  -sec  for  the  zeroth  order  reaction  were  used  in  the  non- 
equilibrium flow  model.  The  value  of  the  frequency  factor  was 
estimated  from  the  kinetic  theory  (57  ) since  none  was  reported 


in  the  literature. 
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(2)  Reactions  of  Aromatic  Hydrocarbons:  The  presence  of 

aromatic  hydrocarbons  in  the  pyrolysis  products  is  a result  of 
the  basic  phenolic  resin  structure  of  the  virgin  plastic  heat 
shield.  Sykes  (2)  reported  such  aromatic  compounds  as  benzene, 
toluene,  xylene,  cresol  and  phenol  in  varying  quantities  when 
phenolic  resin  underwent  thermal  decomposition.  Of  these, 
phenol  and  the  phenol-based  materials  form  the  major  portion 
of  the  aromatic  compounds  with  benzene  and  toluene  contributing 
less  than  1 mole  percent  to  the  total  pyrolysis  gas  composition. 

In  order  to  account  for  the  chemical  interaction  of  these 
compounds,  two  reactions  are  included  in  the  non-equilibrium 
flow  analysis.  These  are  the  phenol  hydrogenation  reaction  (6^6) 
and  the  benzene  decomposition  reaction  (6-7).  The  absence  of 
benzene  in  the  exit  product  stream  from  the  Char  Zone  Thermal 
Environment  Simulator  makes  the  important  products  formed  by 
these  reactions  water,  hydrogen  and  carbon;  the  latter  two 
resulting  from  acetylene  decomposition  by  reaction  (6-4). 

(a)  Phenol  Hydrogenation:  The  catalytic  and  non- 

catalytic  hydrogenation  of  phenol  has  been  studied  extensively 
as  early  as  the  1920' s by  many  investigators  (50,51,52,53,54). 
However,  no  kinetic  data  has  been  reported  for  this  data.  The 
products  of  low  pressure,  gas  phase  hydrogenation  (50)  are 
benzene  and  cyclohexanol  in  varying  quantities.  Liquid  phase 
hydrogenation  at  high  pressures  produce  cyclohexanol  and  in 
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some  cases  cyclohexanone  (50,51,52).  The  yield  of  cyclohexanol 
is  enhanced  when  a Raney  Nickel  catalyst  is  used  in  the  liquid 
or  vapor  phase  hydrogenation. 

In  order  to  determine  the  activation  energy  for  this  reaction, 

a comparison  with  the  heats  of  hydrogenation  (49)  for  compounds 

related  to  phenol  were  examined.  These  included  ethyl  benzene 

(48.9  Kcal/mole),  o-xylene  (47.3  Kcal/mole),  mesitylene 

(47.6  Kcal/mole)  and  hydrindol  (45.8  Kcal/mole).  The  activation 

energy  used  in  the  non-equilibrium  flow  analysis  was  45  Kcal/mole 

which  agreed  with  the  values  reported  in  the  literature  for 

similar  compounds.  The  frequency  factor  was  calculated  from 

13  3 

the  kinetic  theory  (55)  to  be  2 x 10  cm  /mole  sec. 

(b)  Benzene  Decomposition:  The  decomposition  of 

benzene  to  acetylene »diacetylene,  hydrogen  and  biphenyl  at 

2000  - 2400°F  was  reported  by  Slysh  and  Kinney  (34)  to  be 

first  order.  Hou  and  Palmer  (33)  described  a more  complex 

behavior  made  up  of  a mixed  first  and  second  order  rate  equation. 

The  first  order  behavior  was  used  to  describe  acetylene  formation 

and  resulted  in  an  activation  energy  of  52  Kcal/mole  with  a 

9.2  -1 

frequency  factor  of  10  ’ sec  . The  second  order  contribution 

described  biphenyl  formation  with  an  activation  energy  of 

40  Kcal/mole  and  a frequency  factor  of  10^  mole  ^ sec  ^ cm^ . 

A first  order  rate  expression  with  an  activation  energy  of 

9 -1 

35  Kcal/mole  and  a frequency  factor  of  2 x 10  sec  were  used 
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in  the  non-equilibrium  flow  analysis. 

(3)  Water-Gas  Reactions ; The  water  gas  reactions  are  a 
very  complex  set  of  reactions  which  are  critically  dependent 
on  the  experimental  conditions  at  which  they  are  studied. 

These  reactions  include  the  carbon-steam  reaction  (6-8), 
the  water-gas  shift  reaction  (6-9)  and  the  carbon-carbon 
dioxide  reaction  (6-10). 

The  general  rules  of  behavior  for  this  system  of  reactions 
are  summarized  below  (36,37,38): 

(i)  Increases  in  the  water  concentration  increases 
the  carbon  consumption  rate, 

(ii)  Increases  in  the  hydrogen  concentration  decreases 
or  retards  carbon  consumption,  and 

(iii)  A fixed  ratio  exists  between  carbon  dioxide  and 
carbon  monoxide. 

The  water  gas  shift  reaction  is  considered  by  many  (35, 
39,40)  to  be  at  equilibrium  and  unaffected  by  concentration 
changes,  temperature  and  pressure  changes  at  reasonably  low 
pressures  (~1  ATM)  and  moderate  temperature  (1000  - 1500°F), 
Walker  (41),  on  the  otherhand,  reported  definite  deviations 
from  this  supposed  equilibrium  below  2300°F.  A detailed 
discussion  of  the  water  gas  reactions  is  presented  in  reference 
(42),  The  reaction  kinetic  data  used  in  the  TEMPRE  System  for 
each  of  the  above  reactions  are  compared  with  the  literature 
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in  the  following  sections. 

(a)  Carbon-Steam  Reaction:  The  carbon-steam  reaction 

has  been  extensively  studied  by  many  investigators  (35,36,38,39, 

40,43,44).  The  reaction  is  first  order  and  activation  energies 

have  been  reported  over  a wide  range  of  values  (26-90  Real /mole) . 

The  more  applicable  data  for  graphite-steam  reaction  (42) 

indicated  an  activation  energy  of  80  Real /mole.  This  is  in 

agreement  with  the  value  of  83  Kcal/mole  (47),  and  82  Rcal/mole 

was  used  in  the  non-equilibrium  flow  analysis  of  this  research. 

12  -1 

A frequency  factor  of  1 x 10  sec  was  employed  in  the  non- 
equilibrium flow  calculations  (55). 

(b)  Water-Gas  Shift  Reaction:  The  water-gas  shift 

reaction  below  2300°F  was  considered  to  be  governed  by  a finite 

reaction  rate  in  the  TEMPRE  System.  A value  of  30  Kcal/mole 

12  -1 

activation  energy  and  1 x 10  sec  frequency  factor  was 
used  to  describe  the  reaction  of  water  with  carbon  monoxide, 

The  deviation  from  equilibrium  below  2300°F  is  reported  by 
Walker  (41)  and  attributed,  in  part,  to  a diffusion  controlled 
mechanism, 

(c)  Carbon-Carbon  Dioxide  Reaction:  The  reaction  of 

carbon  with  carbon  dioxide  is  best  described  by  a rate  equation 
which  is  first  order  and  reversible.  Values  of  the  forward 

and  reverse  activation  energies  were  reported  as  50  Kcal/mole 
and  60.6  Kcal/mole  by  Austin  and  Walker  (45)  and  Glovina  (46). 
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The  frequency  factors  were  1 x 16^  sec  ^ and  1 x 10  ^ sec  ^ 
for  the  forward  and  reverse  reactions,  respectively,  These 
reported  values  were  used  in  the  non-equilibrium  flow  analysis. 

Experimental  Simulation  of  the  Flow  of  Reacting  Pyrolysis  Products 
in  the  Char  Zone 

The  purpose  of  the  experimental  program  was  to  obtain 

sufficient  data  for  comparison  with  the  calculated  results 

of  the  non-equilibrium  flow  model.  Simulated  pyrolysis  products 

were  passed  through  radiant  heated  chars  maintained  at  a front 

surface  temperature  of  1600  - 2300°F.  Mass  flux  rates  were 

2 

varied  between  0.0001  - 0.10  lb/ft  -sec,  and  the  back  surface 
temperature  was  measured  as  a function  of  the  particular  front 
surface  temperature  and  mass  flux  rate  studied.  The  back 
surface  temperature  range  was  from  500  to  1200°F.  These 
values,  along  with  the  porosity,  thickness  and  cross  section 
area  of  the  char  were  input  parameters  to  the  non-equilibrium 
flow  model.  The  composition  of  the  exit  product  stream  was 
calculated  using  the  kinetic  data  for  the  important  reactions 
listed  in  Table  6-6  and  compared  with  the  experimentally 
determined  compositions.  The  relative  closeness  of  the  two 
compositions  determined  the  accuracy  of  the  model  in  predicting 
the  flow  of  pyrolysis  products  within  the  char  over  a tempera- 
ture range  from  500  - 2300°F  and  mass  flux  rates  between  0.0001  - 
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2 

0.10  Ib/ft  sec.  The  following  paragraphs  discuss  the  results 
of  these  comparisons.  A detailed  summary  of  results  for  all 
experimental  tests  is  presented  in  Appendix  D. 

Comparison  of  the  Non- Equilibrium  Flow  Results  with  Experi- 
mental Data  Using  Chars:  The  basis  for  evaluating  the  non- 

equilibrium flow  model  as  an  accurate  analysis  of  energy 
transfer  in  the  char  zone  of  a charring  ablator  is  by  comparison 
of  the  experimentally  determined  exit  product  composition  from 
the  Char  Zone  Thermal  Environment  Simulator  to  the  calculated 
composition  in  the  non-equilibrium  flow  analysis.  This  is 
done  in  Table  6-7  in  which  the  non-equilibrium  exit  product 
composition,  calculated  using  the  chemical  reactions  and  corres- 
ponding kinetic  data  in  Table  6-6,  is  compared  with  experi- 
mental data  for  mass  flux  rates  between  0.0013  and  0.108 

2 

lb /ft  -sec  and  front  surface  temperatures  of  1680° F to 
2300°F.  The  simulated  pyrolysis  gas  composition  entering  the 
char  zone  is  also  shown  (frozen),  along  with  the  compositions 
predicted  by  the  equilibrium  flow  model.  This  set  of  experiments 
was  conducted  with  chars  formed  from  nylon-phenolic  resin  compo- 
sites under  simulated  reentry  conditions  in  the  electric  air 
arc  jets  at  the  Langley  Research  Center  (N.A.S.A. ).  As 
seen  in  Table  6-7,  the  experimental  and  calculated  composition 
predicted  by  the  non-equilibrium  flow  model  agreed  within  the 
experimental  accuracy  of  the  methods  used.  A summary  of  all  low 


Table  6-7.  Comparison  of  Calculated  and  Experimental  Exit  Gas  Compositions  from  the  Char  Zone 
Thermal  Environment  Simulator  for  Mass  Flux  Rates  Between  0.00133  and  0.108  lb/ft^-sec 
and  Front  Surface  Temperatures  Between  1680°  and  2300°F. 
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density  nylon-phenolic  resin  char  experiments  are  presented 
in  Appendix  D.  The  results  in  Table  6-7  will  be  discussed 
in  detail  in  the  following  paragraphs . 

The  maximum  temperature  attainable  in  the  Char  Zone 
Thermal  Environment  Simulator  was  2300°F.  This  restriction 
to  the  temperature  was  caused  by  the  limited  power  supply 
(70  KVA)  to  the  radiant  heating  system,  and  by  material  and 
economic  factors  governing  the  design  of  high  temperature  equip- 
ment . 

At  temperatures  between  1600  - 2300°F,  mass  flux  rates 
2 

of  0.01  lb/ft  -sec  or  greater  did  not  allow  sufficient 

residence  time  of  the  pyrolysis  products  in  the  char  layer. 

Therefore,  the  extent  of  chemical  reactions  was  less  than 

1%  and  the  flow  was  essentially  frozen.  This  frozen  behavior 

of  the  pyrolysis  gases  is  illustrated  in  Table  6=8  for  mass 

2 

flux  rates  of  0.0101  and  0.1080  Ib/ft  -sec  at  a front  surface 
temperature  of  1600°F.  The  exit  gas  composition  calculated 
in  the  non-equilibrium  flow  model  and  the  experimentally 
determined  values  are  compared  with  the  inlet  composition 
(frozen)  and  the  composition  predicted  by  the  equilibrium 
flow  model. 

Although  the  frozen  flow  condition  was  accurately  des- 
cribed by  the  non-equilibrium  flow  model,  the  ability  to  predict 
energy  transfer  when  chemical  reactions  occur  remained  untested. 


Table  6-8.  Pyrolysis  Gas  Flow  Through  Low  Density  Nylon-Phenolic  Resin  Chars. 
Frozen  Flow  Behavior  at  Mass  Flux  Rates  Below  0.01  lb/ft^-sec. 
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Therefore,  in  order  to  acheive  conditions  where  chemical  reactions 

would  become  an  important  mode  of  energy  absorption,  and,  the 

non-equilibrium  model  could  be  tested,  the  residence  time  of 

gases  within  the  char  was  increased  by  decreasing  the  mass 

flux.  The  effect  of  changing  the  mass  flux  rate  at  a constant 

temperature  of  1690°F  is  shown  in  Table  6-9.  At  a mass  flux 
2 

of  0.108  lb/ft  -sec,  the  exit  composition  is  the  same  as  the 

composition  of  the  simulated  pyrolysis  products  entering  the 

2 

char.  Decreasing  the  mass  flux  to  0.00208  lb/ft  -sec  causes 

a small,  but  detectable  composition  change,  particularly  in 

hydrogen  and  methane  resulting  from  chemical  reactions  between 

the  species  in  the  char  layer.  It  should  be  pointed  out  that  the 

reported  changes  in  composition  of  the  exit  product  stream 

are  predicted  by  the  non-equilibrium  flow  model  within  the 

accuracy  of  the  experimental  data.  While  the  frozen  flow  model 

predicts  the  actual  behavior  at  the  higher  mass  flux  rates, 

the  equilibrium  flow  model  does  not  accurately  describe  the 

energy  transfer  over  these  mass  flux  rates.  It  erroneously 

predicts  large  changes  in  composition  of  all  of  the  species 

even  at  the  high  mass  flux  value  of  run  XVIII-58  of  0.108 
2 

lb/ft  -sec  as  shown  in  Table  6-9. 

The  changes  in  composition  resulting  from  chemical 
reactions  occurring  in  the  char  layer  are  better  illustrated 
by  increasing  the  front  surface  temperature.  In  Table  6-10 
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a comparison  of  the  exit  gas  composition  is  given  for  a front 

surface  temperature  range  of  1690  - 2300° F at  an  average  mass 

2 

flux  rate  of  ^0.002  lb/ft  -sec.  The  transition  from  a frozen 
or  non-reactive  state  to  a state  where  chemical  reactions 
become  significant  is  clearly  indicated  by  the  change  in  product 
concentrations  leaving  the  Char  Zone  Thermal  Environment 
Simulator.  Again  the  experimental  exit  product  compositions 
agree  with  those  predicted  by  the  non-equilibrium  flow 
analysis  within  the  accuracy  of  the  experimental  data.  Again 
the  equilibrium  flow  analysis  erroneously  predicted  the  extent 
of  reactions  to  be  much  greater  than  occurred. 

In  most  of  the  above  discussion,  the  initial  pyrolysis 
product  composition  entering  the  char  varied  over  a small  range, 
rather  than  being  constant.  These  variations  were  a result 
of  variations  in  feeding  the  gas  (CH^,  CO,  CO2  and  H ) and 
liquid  (phenol  and  H^O)  phases  at  the  low  mass  flux  rates 
required  to  get  chemical  reactions  among  the  species.  Also, 
in  some  cases  the  composition  was  varied  purposely  to  test  the 
ability  of  the  non-equilibrium  flow  model  in  predicting  the 
energy  transfer  in  the  char  zone  for  a wide  variety  of  tempe- 
ratures, mass  flux  rates  and  simulated  pyrolysis  product 
compositions . 

These  compositions  were  reported  in  Table  6-5,  and  it 
shows  how  simulated  product  compositions  were  varied  in  the 


Table  6-10.  Flow  of  Pyrolysis  Gases  Through  Low  Density  Nylon-Phenolic  Resin  Chars. 
Effect  of  Increasing  the  Front  Surface  Temperature  at  a Mass  Flux 

Rate  of  0.002  lb/ft^-sec. 
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kind  and  amount  of  each  species  present.  The  phenol -water  free 
compositions  (feed  mix  1,  2 and  3)  were  based  on  early  studies 
of  plastic  decomposition  in  which  the  chemical  analyses  were 
limited  to  species  that  were  gases  at  a particular  (usually 
near  ambient)  temperature  (4,5,6).  The  phenol-water-gas 
composition,  which  more  accurately  represented  the  composition 
entering  the  char,  was  obtained  after  this  research  was  started 
(1,2,3),  However,  as  will  be  discussed,  the  same  conclusions 
regarding  the  phenol-water  free  systems  apply  to  the  latter 
systems . 

In  Table  6-11  the  effect  of  changing  temperature  (1575  - 

2 

2300°F)  at  a constant  mass  flux  rate  (~  0.001  Ib/ft  -sec) 

is  shown,  while  Table  6-12  shows  the  effect  of  changing 

2 

mass  flux  (0.00003  - 0.0170  lb/ft  -sec)  at  a front  surface 

temperature  of  ~ 2000°F.  for  the  various  simulated  pyrolysis 

product  compositions  studied.  In  each  table,  the  transition 

from  frozen  flow  to  non-equilibrium  flow  is  clearly  shown,  as 

is  the  very  excellent  agreement  between  the  predicted  exit 

gas  compositions  of  the  non-equilibrium  flow  analysis  with  the 

2 

experimental  results.  At  high  mass  flux  rates  (>  0.01  lb/ft  -sec) 
or  low  front  surface  temperatures  (<  1800°F),  the  flow  in  the 
char  zone  is  accurately  described  by  the  frozen  flow  model. 
Furthermore,  as  seen  in  Table  6-12  for  experiment  XVI-48, 
the  equilibrium  flow  model  is  only  applicable  when  the  mass  flux 


Table  6-11.  Flow  of  Pyrolysis  Gases  Through  Low  Density  Nylon-Phenolic  Resin  Chars. 
Effect  of  Changing  the  Front  Surface  Temperature  at  a Mass  Flux  Rate 
of  0.001  lb/ft^-sec  and  Varying  Pyrolysis  Gas  Compositions. 
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Table  6-12.  Flow  of  Pyrolysis  Gases  Through  Nylon-Phenolic  Resin  Ghars. 
Effect  of  Changing  the  Mass  Flux  for  a Front  Surface  Temperature 
of  2035°F  and  Varying  Pyrolysis  Gas  Compositions. 
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rates  are  very  small  (<  0.00003  lb/ft  -sec)  corresponding  to 
very  large  residence  times  within  the  char  layer. 

In  summary,  results  have  been  presented  for  the  flow  of 
simulated  pyrolysis  products  through  actual  low  density  nylon- 
phenolic  resin  chars  under  conditions  approximating  the  reentry 
of  ablative  heat  shields.  Using  the  non-equilibrium  flow  model 
comparison  of  the  calculated  and  experimentally  determined 
exit  gas  composition  was  made.  In  all  cases,  except  those 
listed  in  Table  D-l  of  Appendix  D in  which  unusual  or  erratic 
behavior  was  rated,  the  predicted  values  of  the  exit  gas  com- 
position.by  the  non -equilibrium  flow  analysis  were  within  the 
experimental  accuracy  of  the  measured  values.  These  results 
were  reported  for  front  surface  temperatures  between  1350  - 
2300°F,  mass  flux  rates  of  0.00003  - 0.1080  lb/ft^-sec  and 
values  of  the  simulated  pyrolysis  products  entering  the  char 
zone  shown  in  Table  6-5. 

The  non-equilibrium  flow  model  is,  therefore,  a very 

accurate  and  useful  analysis  of  the  energy  transfer  in  the 

char  zone  of  a char-forming  ablator.  In  cases  for  high  mass 

2 

flux  values  of  the  order  of  0.01  lb/ft  -sec  the  frozen  flow  model 

accurately  described  the  energy  transfer  in  the  char  zone.  Only 

2 

at  extremely  low  mass  flux  values  of  the  order  of  0.00003  lb/ft  -sec 
did  the  equilibrium  flow  model  approximate  the  changes  in  composi- 
tion of  the  pyrolysis  products  as  they  pass  through  the  char  zone. 
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Comparison  of  the  Non-Equilibrium  Flow  Results  with  the  Results  of 
the  Frozen  and  Equilibrium  Flow  Analyses 

As  discussed  in  Chapter  III,  the  frozen  and  equilibrium 
flow  models  bracket  the  non-equilibrium  case.  Frozen  flow 
corresponds  to  a system  in  which  no  chemical  reactions  occur, 
while  equilibrium  flow  refers  to  a system  of  species  under- 
going chemical  reactions  which  are  at  equilibrium  (a  function  of 
temperature  and  pressure  only).  Since  the  non-equilibrium  flow 
model  predicts  the  actual  behavior,  comparison  of  the  exit 
gas  compositions,  temperature  and  pressure  distributions,  and 
surface  heat  flux  for  each  model  will  determine  the  accuracy 
of  the  two  limited  flow  analyses  in  predicting  the  energy 
transfer  within  the  char  layer. 

These  results  are  presented  in  Figure  6-1  and  Table  6-13 

2 

for  a mass  flux  rate  of  0.05  lb/ft  -sec,  a front  surface  tem- 
perature of  1500°F  and  a back  surface  temperature  of  500°F. 

The  char  porosity  is  0.8  and  the  char  thickness  is  0.25  inches. 

As  seen  the  temperature  profile  of  the  non-equilibrium  flow 
analysis  is  identical  to  the  frozen  flow  temperature  profile. 

The  relative  closeness  of  these  two  models  is  likewise  seen  by 
comparing  the  exit  gas  composition,  pressure  drop  across  the 
char  and  surface  heat  flux  in  Table  6-13.  Therefore,  at  the 
above  conditions  there  is  little  evidence  of  chemical  reactions 


Temperature  (°F) 
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in  the  char  and  the  energy  transfer  is  closely  predicted  by  the 
frozen  flow  model. 

In  Figure  6-2  and  Table  6-14  the  same  results  are  presented 
for  a front  surface  temperature  of  2000°F.  Although  the  reported 
non-equilibrium  values  are  again  very  nearly  equal  to  the  frozen 
flow  results,  a noticeable  change,  especially  in  the  concentra- 
tion profile  and  surface  heat  flux  is  observed.  This  indicates 
chemical  reactions  among  the  species  within  the  char  layer. 

A continuation  of  the  analysis  for  a front  surface  tempera- 
ture of  2500°F  and  3000°F  in  Figures  6-3  and  6-4  and  Tables  6-15 
and  6-16,  respectively,  shows  a more  dramatic  change  which  is 
reflected  by  a downward  shift  of  the  temperature  profile  toward 
the  equilibrium  curve  and  corresponding  rapid  changes  in  the 
concentration  profile.  Chemical  reactions  are  obviously  a very 
important  mode  of  energy  contribution  under  these  last  two  sets 
of  conditions. 

It  is  not  possible  to  extend  the  analysis  to  temperatures 
above  3000°F  since  the  chemical  behavior  within  the  char  will 
not  be  predicted  by  the  chemical  reactions  of  Table  6-6.  In 
this  event  additional  reactions  must  be  included  to  accurately 
describe  the  energy  transfer  within  the  char  zone.  This  ex- 
tension is  discussed  by  del  Valle,  et.al.  (55), 


In  addition  to  the  above  comparisons,  the  temperature 
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Figure  6-2.  Temperature  Profile  for  the  Frozen,  Equilibrium, 
and  Non-Equilibrium  Flow  of  Pyrolysis  Gases  Through  the 
Char  Zone  of  a Nylon-Phenolic  Resin  Ablator. 


Table  6-14.  Results  of  the  Analyses  of  Frozen,  Equilibrium  and  Non-Equilibrium  Flow  of 
Pyrolysis  Gas  Products  Through  a One-Quarter  Inch  Thick  Low  Density  Nylon- 
Phenolic  Resin  Ablative  Heat  Shield  Char  at  2000°F. 
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Figure  6-3.  Temperature  Profile  for  the  Frozen,  Equilibrium, 
and  Non-Equilibrium  Flow  of  Pyrolysis  Gases  Through  the 
Char  Zone  of  a Nylon-Phenolic  Resin  Ablator, 
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Figure  6-4.  Temperature  Profile  for  the  Frozen,  Equilibrium, 
and  Non-Equilibrium  Flow  of  Pyrolysis  Gases  Through  the 
Char  Zone  of  a Nylon-Phenolic  Resin  Ablator. 


Table  6^16.  Results  of  the  Analyses  of  Frozen,  Equilibrium  and  Non- Equilibrium  Flow  of 
Pyrolysis  Gas  Products  Through  A One-Quarter  Inch  Thick  Low  Density  Nylon- 
Phenolic  Resin  Ablative  Heat  Shield  Char  at  3000°F. 
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profile,  surface  heat  flux  and  pressure  drop  across  the  char 
are  compared  in  Figures  6-3  and  6-5  for  two  pyrolysis  product 
compositions.  The  results  for  the  first  simulated  pyrolysis 
product  composition,  which  was  based  on  experimentally  measured 
and  computed  equilibrium  compositions  excluding  the  high 
molecular  weight  cyclic  compounds,  is  shown  in  Figure  6-5. 

The  results  in  Figure  6-3  are  for  the  more  accurate  composition 

based  on  pyrolysis  gas  chromatographic  analyses  of  Sykes  (2). 

2 

A mass  flux  rate  of  0.05  lb/ft  -sec,  front  and  back  surface 
temperature  of  2500°F  and  500°F,  respectively,  and  a one-quarter 
inch  thick  low  density  nylon-phenolic  resin  char  (e  = 0.8) 
were  the  conditions  for  each  case  presented. 

Comparison  of  the  temperature  profiles  for  frozen  and 
non-equilibrium  flow  show  the  same  overall  behavior;  i.e., 
a downward  shift  by  the  non-equilibrium  curves  indicating  a 
higher  energy  absorption  due  to  chemical  reactions  between  the 
pyrolysis  products.  On  the  otherhand,  a noticeable  difference 
in  the  equilibrium  curves  is  observed.  For  the  more  accurate 
pyrolysis  gas  composition  (Figure  6-3),  the  characteristically 
sharp  downward  shift  of  the  equilibrium  curve  observed  in  Figure 
6-5  does  not  occur. 

The  explanation  for  this  difference  will  point  out  the 
inadequacy  of  the  equilibrium  flow  model  in  predicting  the  true 
behavior  within  the  char  zone.  Because  the  results  of  Figure  6-5 
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Non-Equilibrium 

12.45 

107.64 

Equilibrium  Flow 

9.75 

271.25 

Figure  6-5,  Temperature  Profile,  Pressure  Drop  and  Surface 
Heat  Flux  for  the  Flow  of  Pyrolysis  Gases  Through 
A One-Quarter  Inch  Thick  Nylon-Phenolic  Char, 
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were  calculated  for  a pyrolysis  product  composition  largely 
based  on  equilibrium  calculated  values,  the  inlet  gas  compo- 
sition to  the  char  were  very  nearly  equal  to  the  values  calcu- 
lated using  the  equilibrium  flow  model.  As  a result,  very  little 
energy  absorption  was  omitted  from  the  analysis  due  to  the  very 
small  change  in  the  inlet  compositions  which  were  already 
approximated  as  an  equilibrium  composition.  This  resulted  in 
the  relatively  flat  curve  over  nearly  three  quarters  of  the 
total  char  thickness. 

On  the  otherhand,  the  more  accurate  pyrolysis  product 
composition  estimated  from  experimental  data  and  dependent  on 
finite  reaction  rates  governing  plastic  decomposition,  is  far 
removed  from  the  equilibrium  calculated  compositions.  However, 
as  these  concentrations  of  gases  are  introduced  into  the  equi- 
librium flow  analysis,  an  abrupt  adjustment  to  the  equilibrium 
compositions  calculated  by  minimizing  the  free  energy  is 
experienced.  This  is  especially  noted  for  phenol  and  methane 
which  have  initial  compositions  of  6.2  mole  % and  6.7  mole  %, 
respectively,  but  are  immediately  changed  to  0.0  mole  °h  and 
35.3  mole  % at  the  back  surface  temperature  of  500°F.  This 
erroneous  adjustment  results  in  the  loss  of  energy  absorption 
which  results  from  phenol  decomposition  at  finite  reaction  rates 
and  causes  the  curve  to  more  closely  approach  the  frozen  and 


non-equilibrium  curves. 
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These  same  conclusions  regarding  the  inability  of  the 
equilibrium  flow  model  to  accurately  predict  the  true  behavior 
is  further  shown  in  Table  6-17.  Here,  the  surface  heat  flux 
values  are  compared  for  each  model  and  for  each  simulated  pyro- 
lysis product  composition.  In  comparing  the  relative  values, 
i.e.,  the  ratio  of  the  heat  flux  of  any  model  to  the  actual 
or  non-equilibrium  flow  heat  flux,  the  characteristic  under- 
predictive  nature  of  the  frozen  flow  model  (ratio  = 0.818) 
and  the  extremely  overpredictive  behavior  of  the  equilibrium 
flow  model  (ratio  = 1.445  ) are  shown.  It  further  illustrates 
that  although  the  frozen  flow  model  can  accurately  describe  the 
true  behavior  in  some  cases  (low  temperatures  or  high  mass 
flux  rates),  the  equilibrium  flow  model  is  totally  inadequate 

over  the  temperature  (500  - 3000°F)  and  mass  flux  (0.00003  - 
2 

0.10  lb/ft  -sec)  values  studied  in  this  research.  Therefore,  in 
order  to  obtain  an  accurate  prediction  of  the  energy  transfer, 
a non-equilibrium  flow  model  must  be  used  within  the  transition 
region.  This  is  only  possible  by  considering  chemical  reactions 
between  the  species  to  occur  at  finite  reaction  rates  as  described 
by  reliable  kinetic  data.  Again  the  importance  and  application 
of  the  non-equilibrium  flow  model  has  been  demonstrated  and 
the  limitations  of  the  two  ideal  models  shown.  This  discussion 
forms  the  basis  for  extending  this  research  to  higher  temperatures 
involving  more  complex  reactions  and  increased  number  of  species. 
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Parametric  Study  of  the  Flow  of  Pyrolysis  Gases  in  the  Char  Zone 
A comparison  of  the  non-equilibrium  flow  results  with  the 
experimental  data  was  important  in  determining  the  accuracy  of 
the  flow  model.  However,  very  little  quantitative  information, 
beyond  the  discrete  sets  of  data  for  each  experiment,  was  assembled 
regarding  the  effect  of  changing  mass  flux  and/or  temperature. 

As  a result,  a parametric  study  was  undertaken  to  accurately 
relate  the  changes  in  these  variables  with  variations  in  energy 
absorption  within  the  char.  To  do  this  the  non-iterative 
TEMPRE  System  (NIT)  was  used  in  which  the  back  surface  tempera- 
ture and  temperature  gradient  were  specified  as  boundary  conditions 
for  various  values  of  the  mass  flux.  The  results  of  the  calcu- 
lation were  in  the  form  of  the  net  heat  transfer  at  the  surface, 
called  the  approximate  aerodynamic  heating,  which  was  the  sum 
of  the  surface  heat  flux  and  radiant  heat  flux  resulting  from 
the  calculated  front  surface  temperature: 


where  a value  of  0.95  was  used  for  the  emissivity.  This 
information  is  shown  in  Figure  6-6  in  which  the  mass  flux 
is  plotted  against  the  aerodynamic  heating  for  various  heats 
of  pyrolysis,  q , (function  of  the  temperature  and  gradient 


Aerodynamic  Heating  (BTU/ft  -sec) 
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Figure  6-6.  Aerodynamic  Heating  vs. 
the  Mass  Flux  of  Pyrolysis  Gases 
in  the  Char  Zone  of  a Charring 
Ablative  Heat  Shield  (Low  Density 
Nylon-Phenolic  Resin  Composite). 

Pyrolysis  Gas  Composition  (Mole7») 
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at  the  back  surface): 


q 


p 


k T 

e dz 


z=0 


(6-12) 


where  q is  the  sum  of  the  energy  absorbed  by  the  decomposition 
P 

of  the  polymer  and  the  energy  conducted  through  the  virgin  plas- 
tic. Results  for  the  frozen,  equilibrium  and  non-equilibrium 
flow  models  are  presented.  This  form  of  presenting  the  results 
is  a very  convenient  and  informative  method  as  will  be  seen. 

In  a reentry  problem  one  of  the  important  questions  asked 
is  what  is  the  required  heat  shield  weight  for  protection  for 
a certain  mission.  Specification  of  the  type  of  heat  shield 
material  to  be  used  (e.g.,  nylon-phenolic  resin)  brackets 
the  heat  of  pyrolysis  value,  while  the  trajectory  calculations 
determine  the  amount  of  aerodynamic  heating  that  can  be  expected. 
For  example,  an  approximate  aerodynamic  heating  rate  of  500  BTU/ 
ft  -sec  and  a heat  of  pyrolysis  of  400  BTU/lb  locates  three 
distinctive  points  on  Figure  6-6;  one  for  each  of  the  frozen, 
equilibrium  and  non-equilibrium  flow  models.  This  corresponds 

2 

to  three  distinctive  values  of  the  mass  flux  rate;  0,017  lb/ft  -sec 

2 2 
for  frozen,  0.002  lb/ft  -sec  for  equilibrium  and  0.009  lb/ft  -sec 

for  non-equilibrium.  The  non-equilibrium  flow  model  accurately 

predicted  the  behavior  and  would  specify  the  exact  heat  shield 

weight  (function  of  the  mass  flux)  required.  The  frozen  flow 
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model  shows  an  over-prediction  because  important  endothermic 

reactions  were  omitted,  and  the  equilibrium  flow  model  shows  an 

under-prediction,  because  reactions  were  assumed  to  occur  at 

a greater  extent  than  the  actual  behavior. 

The  results  presented  in  Figure  6-6  also  provide  a way  of 

determining  at  what  point  the  non-equilibrium  flow  model 

changes  from  the  frozen  flow  behavior  to  a truly  non-equilibrium 

2 

flow  condition  governed  by  finite  reaction  rates  (50  BTU/ft  -sec). 
This  figure  very  graphically  illustrates  the  differences  in  each 
model  and  permits  the  presentation  of  a large  volume  of  informa- 
tion in  a clear  and  readily  accessible  manner. 


Calculation  of  the  Reacting  Gas  Heat  Capacity 

In  addition  to  the  above  information,  the  reacting  gas 
heat  capacity  for  the  non-equilibrium  flow  of  pyrolysis  products 
through  the  char  has  been  determined  also.  This  term  is  very 
useful  in  the  calculation  of  the  one-dimensional,  transient 
response  of  an  ablative  composite.  The  energy  equation  for 
the  transient  case  can  be  put  in  the  following  form  (56)  for 
the  char  zone. 


jL(kai) 

az*-  dz; 


K+l 

.S,H.R. 


+ r(JL)  a + gj=Q  1 w 22 

L V p « (jS)  J ° 

o dz 


aT 

at 


(6-13) 
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where  W is  the  mass,  flux  of  pyrolysis  products  at  z and  Wq 

is  the  mass  flux  of  pyrolysis  products  entering  the  char. 

The  term  in  brackets  is  referred  to  as  the  effective  reacting 

gas  heat  capacity.  Hence,  the  flow  within  the  char  zone  can 

be  considered  frozen  (EH^lL  ^ 0)  by  introducing  the  reacting 

gas  heat  capacity  as  an  input  function  to  the  transient 

calculations.  In  Figure  6-7  a plot  of  the  reacting  gas  heat 

capacity  as  a function  of  temperature  is  shown  for  frozen, 

equilibrium  and  non-equilibrium  flow  within  the  char  layer 

up  to  3000°F.  These  curves  were  calculated  for  a mass  flux 
2 

of  0.05  lb/ft  -sec,  a back  surface  temperature  of  500°F,  and, 
char  porosity  and  thickness  of  0.8  and  0.25  inches,  respectively. 
The  differences  in  the  manner  used  to  calculate  the  energy 
transfer  by  chemical  reaction  (EH^R^)  for  equilibrium  and  non- 
equilibrium flow  causes  the  curves  to  separate  as  shown. 

Flow  of  Pyrolysis  Products  Through  Porous  Graphite 

There  are  two  important  reasons  for  using  pojrous  graphite 
to  simulate  low  density,  nylon-phenolic  resin  chars  used  in 
ablative  heat  shield  applications.  These  are  availability 
and  machinability  of  the  graphite. 

Nylon-phenolic  resin  chars  were  obtained  from  the  National 
Aeronautics  and  Space  Administration's  Langley  Research  Center 
for  use  in  the  Char  Zone  Thermal  Environment  Simulator. 


0.05  lb/ft  -sec 


Pyrolysis  Gases  Through  the  Char 
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Electric  air  arc  jets  were  used  to  char  the  nylon-phenolic  resins, 
and  this  represented  a considerable  effort  in  supplying  just 
a few  specimens  for  use  in  this  research.  Although  two  sections 
of  char  were  usually  obtained  from  each  specimen,  the  demand 
for  additional  chars  could  not  be  met.  In  addition  to  the 
problem  of  obtaining  the  samples,  the  brittle  nature  of  the 
chars  caused  serious  problems  in  mounting  on  the  char  holder 
section.  These  complications  led  to  the  testing  and  use  of 
graphite,  expecially,  for  use  in  radioactive  tracer  and  catalyst 
evaluation  studies.  However,  for  the  successful  substitution 
of  graphite  for  the  chars  to  be  complete,  the  chemical  behavior 
of  the  two  must  be  essentially  the  same,  This  is  to  say  that 
the  same  reactions  and  kinetic  data  important  in  predicting 
the  energy  transport  within  porous  chars,  must  also  do  the  same 
for  energy  transport  in  porous  graphite.  This  will  be  shown 
in  the  following  sections  by  comparing  the  exit  gas  compositions 
from  the  Char  Zone  Thermal  Environment  Simulator  with  the 
composition  predicted  by  the  non-equilibrium  flow  model,  and, 
by  direct  comparison  of  char  and  graphite  experimental  results 
over  a range  of  mass  flux  rates  and  front  surface  temperature 
common  to  both  systems. 

Comparison  of  Reacting  Flow  Through  Chars  and  Graphite:  Other 

than  the  differences  in  the  structural  properties  of  chars  and 
graphite,  the  one  most  important  consideration  that  must  be 
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chemical  reactions  will  not  be  influenced  by  other  structural 
properties  beside  the  porosity  (e.g. , crystallidity,  permea- 
bility, etc.).  However,  it  emphasizes  that  the  mass  flux  within 
the  pore  spaces  must  be  equivalent  for  a valid  comparison. 
Differences  in  the  chemical  reaction  rates  resulting  from 
differences  in  structural  makeup  could  eliminate  graphite  as 
a suitable  substitute.  However,  this  could  only  be  determined 
by  a comparison  of  experiments  conducted  over  the  range  of 
conditions  for  which  the  proposed  flow  model  is  valid. 

In  Table  6-18  the  exit  gas  composition  from  the  Char  Zone 
Thermal  Environment  Simulator  for  the  flow  of  pyrolysis  products 

through  graphite  are  presented  for  mass  flux  rates  of  0.0034 
2 

to  0.0059  lb/ft  -sec  at  a front  surface  temperature  of  approxi- 
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mately  1950°F.  As  in  the  ease  with  chars,  there  is  a signi- 
ficant amount  of  chemical  reactions  occurring  in  the  porous 

2 

medium  for  the  lower  mass  flux  rates  (<  0.01  lb/ft  -sec). 

More  importantly,  however,  is  the  agreement  within  experi- 
ment error  between  the  measured  exit  gas  compositions  and  the 
predicted  values  by  the  non-equilibrium  flow  model  using  the 
same  kinetic  data  employed  for  the  char  experiments. 

A similar  comparison  is  presented  in  Table  6-19  for  an 

2 

average  mass  flux  rate  of  0.0035  lb/ft  -sec  and  front 
surface  temperatures  of  1950  and  2065°F.  Again,  excellent 
agreement  within  the  experimental  accuracy  of  the  analyses 
was  obtained  between  the  non-equilibrium  flow  model  compo- 
sitions and  the  experimental  values.  However,  a closer 
inspection  of  the  graphite  experiments  in  Table  D-3  of  Appendix  D 
shows  that  the  non-equilibrium  predicted  compositions  do  not 
agree  in  some  cases  with  the  experimental  data.  This  is 
especially  true  for  experiments  XXI-66,  XXIII-72,  XXIII-73, 
and  XXIV-76.  These  differences  were  a result  of  experimental 
difficulties  associated  with  maintaining  a steady  liquid 
(water  and  phenol)  feed  rate  as  indicated  in  the  experimental 
summary  sheets  of  Table  D-l;  and,  therefore,  should  not  be 
interpreted  as  a failure  of  the  model  to  predict  the  flow 
behavior  in  porous  graphite. 

In  addition  to  these  irregularities  in  the  water-phenol- 
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gas  experiments,  similar  disagreement  was  also  observed  in 
several  water-phenol  free  pyrolysis  product  investigations. 

In  experiments  IX  and  XI  shown  in  Table  6-20,  increased  in 
methane  and  corresponding  decreases  in  hydrogen  concentrations 
clearly  deviated  from  the  predicted  frozen  flow  behavior. 

These  observations  were  attributed  to  problems  associated 
with  the  fabrication  of  the  graphite  specimens.  In  the 
earlier  experiments,  the  dust-like  graphite  "fines"  which 
resulted  from  the  milling  process  were  not  removed  from  the 
pore  spaces  within  the  plug.  These  "fines"  provided  addi- 
tional surface  area  which  made  them  highly  susceptible  to  reac- 
tion with  hydrogen  to  form  methane.  After  complete  reaction  of 
the  "fines"  (about  five  to  ten  minutes),  the  hydrogen  and  methane 
concentrations  in  the  exit  stream  returned  to  their  initial 
compositions  indicating  frozen  flow  behavior.  This  is  illus- 
trated graphically  in  Figure  6-8  in  which  hydrogen  and  methane 
concentrations  (in  mole  precent)  are  plotted  against  experi- 
mental run  time  (in  minutes)  for  experiment  IX. 

Methane  production  of  this  kind  was  eliminated  in  subsequent 
experiments  (XII,  XIII,  and  XV  in  Table  6-21)  by  first  passing 
nitrogen  or  helium  through  the  graphite  plugs  prior  to  mounting 
in  the  char  holder.  This  removed  the  "fines"  from  the  pore 
spaces  and  eliminated  the  sharp  increase  in  methane  observed 
in  Figure  6-8 . The  contrasting  concentration  profiles  as  a 


Table  6-20.  Flow  of  Pyrolysis  Gases  Through  Porous  Graphite.  Effect  of 
Having  Graphite  "Fines"  in  the  Pore  Spaces. 
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(%SI°W)  uox^isoduioo  sag  37x3 


Figure  6-8.  Typical  Methane-Hydrogen  Concentration  Profile  in  the  Exit  Gas  Stream 
from  the  Char  Zone  Thermal  Environment  Simulator  for  the  Inclusion  of 
Graphite  "Fines"  in  the  Pore  Spaces. 


Table  6-21.  Flow  of  Pyrolysis  Gases  Through  Porous  Graphite.  Exit  Gas  Compositions 
Resulting  From  Experiments  In  Which  The  "Fines"  Were  Cleared  From  The 
Pore  Spaces  By  Passing  Helium  Through  the  Specimens. 
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function  of  run  time  are  shown  in  Figure  6-9  for  experiment  XIII. 

As  a final  comparison,  several  char  and  graphite  experiments 
are  examined  in  Table  6-22,  To  accomplish  this  the  mass  flux 
rates  based  on  the  void  area  were  calculated  and  are  shown  in 
brackets.  The  listing  in  Table  6-22  is,  also,  made  in  order  of 
increasing  chemical  reactions;  i.e.,  low  temperatures  and 
high  mass  flux  rates  appear  first.  As  seen,  the  char  and 
graphite  experiments  are  indeed  compatible  and  behave, 
from  the  overall  chemical  viewpoint,  as  one  material. 

This  permits  the  use  of  the  more  easily  workable  graphite 
materials  in  experiments  designed  to  study  carbon  deposition 
and  product  distribution  using  Carbon- 14  tracers,  and,  to  inves- 
tigate the  effect  of  catalysts  in  accelerating  the  rates  of 
chemical  reactions  within  the  char  layer.  Details  of  the  results 
from  these  additional  experimental  investigations  follow. 

Radioactive  Tracer  Studies  Using  Porous  Graphite 

Radioactive  methane  and  phenol  were  used  in  separate 
experiments  to  determine  the  specific  products  of  decomposition 
from  each  labeled  species.  Also,  the  amount  and  location  of 
carbon  deposition  in  the  char  due  to  the  thermal  cracking  of 
each  species  was  determined. 

The  method  used  involved  the  sampling  of  the  exit  gas 
stream  followed  by  gas  chromatographic  analysis.  The  frac- 


! N 

O 

hi 

cr 

Pi 

O 

O 

2 

PH 

< 

CM 

a 

P-1 

a X! 

CM 

O 

2 

w 

a 

CM 

h4  .a 

o ^ 

u 

2 

o 

X 

a 

MOLE 

% 

CM 

jz ; 

MOLE 

7o 

CM 

O 

o 

o ^ 
2 

CO 

w 

HP  JjO 

o ^ 
X 

<]• 

a 

o 

w 

o ^ 
X 

CM 

X 

MOLE 

1 

oo  o i-i  on 
o -ct-  CM  t-< 


m x oo  si- 


CO  NO  (N  oo 
O'! 


Oi  in  O 00 


00  CTl  00  St 
(M  in  M (N 


M 

pi  hJ 

2 pa  <d 
S w H 
M a a 

Pi  M W 

a b 2 

2 H OH 
W l-H  W Pi 
M M I W 
OPZPi 
PS  O'  O X! 

pH  a a a 


CM 

o 

00 

ON 

x± 

co 

• 

♦ 

« i 

T-^ 

00 

CM 

CM 

r-.  O X 
1-H  O St 


n in  tn 

O CO  CM 


X i-H  CO 
CO 


CO 

co 

CO 

r"» 

* 

• 

* 

• 

CO 

v£> 

co 

CO 

m 

m 

m 

rl  MD  M 


r~>  on  on  O 


in.  i-n  un  x 


O r-l  X CO 
1/1  CO  CO 


co  o <t  in 

U0 


o o o o 
dodo  |o  o o'  o 


o o o o 
o’  o o o 


<f  O N H 

LO  i — I r— 1 


o o o o 


on 

m 

CO 

vo 

o 

r— 1 

00 

m in  co  n 


sf  cn  h ^ 
co  « — i 


co 

CM 

CM 

CO 

m 

m 

CO 

co 

CM 

CM 

•vf 

CO 

i-H 

CO 

* 

* 

* 

» 

vD 

CO 

i — 1 

o 

r—t 

»— 1 

O 00  CM  CM 
» * « « 
VO  O N CO 


00  N CO  CM 


m CM  CO  CM 
CM  VO  CM  CO 


Pi  hJ 

2 p3  < 
S M H 
H a S 
PS  M W 

PQ  to  2 

2 m o'  a 

a a Pi  pH 
IS]  H I W 
O O Z PH 
Pi  O'  O X 

pH  W a W 


CO 

r"> 

CM 

CO 

O' 

CM 

00 

r— 1 

CM 

vO 

co 

xt 

pi  Hi 

2 « c 
S M H 
H |4  g 
Pi  H Pi 
BPS 

a a o a 

a a a a 

X a i a 

o o a a 
pi  o o x 
ph  pj  a a 


M 

^ pi  Hi 

s w <i 
b M h 
a a a 
a h w 
BPS 
gHafl 
a ni  a pi 

X HH  I W 

o o a a 
Pi  o o x 
a Pi  a Pi 


ON 

rx 

oo 

co 

r—1 

• 

• 

• 1 

* — i 

r— < 

m 

CO 

M0 

m 

m 

VD 

• 

* 

• 

0 

o 

o 

o 

o 

sf  <±  st  oo  x x x s id  \o  vo  x x x x omioo 

oooo  oooo  oooo  oooo  dodo 


OOOO  OOCOCM  oouoo  OOvOcO  OOOvD 

oooo  oooo  oooo  oooo  o o h o 


ooocm  oooo  o o o x ooom 
oooo  oooo  oooo  oooo  oooo 


po  h in  co  o n to  oo  o a in  ® o cm  io  r-  o no  o 

io  o mo  i— i o o on  no  o in  <!•  o o oo  x s o in 


CO  N O O 


oooo 

in 


oooo 

oooo 


ON 

00 

ON 

CM 

CM 

m 

CO 

rx 

co 

CM 

CM 

xf 

NO 

O 

CO 

NO 

00 

00 

CO 

CO 

CO 

cn  s <f  to  in  to  m-  co 

<t  o to  co  |m  o h cn 

CM  a 


00 

vO 

CO 

m 

CM 

rH 

ON 

CM 

VO 

CO 

O T— I IN  <j- 


00  CO  O O 
CM  M0  CO  CO 


§ 

M 

X 

a 

s 

PP 

o 

M 

H 

M 

a 

P4 

H 

pq 

a 

a 

H 

O' 

a 

w 

W 

a 

X 

M 

1 

a 

o 

P3 

523 

a 

a 

O'  o 

X 

a 

a 

a 

a 

Pti 

••  a 

vO 

ON 

r— < 

/-X 

W 

X 2 

pq 

in 

00 

o 

1 

X-X 

oo 

X~V 

1^ 

/-s 

o 

PQ 

b a 

S 

i 

O 

vO 

tn 

Pn 

M 

<± 

00 

Pn 

Pn 

o 

xt 

1— < 

Pn 

Pn 

1 

r— 1 

CM 

Pn 

Pn 

CM 

00 

pm 

Pn 

s 

a h 

py 

M 

CM 

CM 

o 

o 

M 

CO 

vO 

o 

0 

vO 

CM 

CO 

o 

o 

M 

CO 

vO 

o 

o 

CO 

CM 

CM 

o 

o 

a -—n 

H 

M 

O 

O 

O 

O 

M 

o 

O 

O 

O 

l 

O 

o 

O 

«n 

M 

O 

O 

in 

oo 

vO 

O 

O 

O 

O 

53 

a H 

X 

M 

o 

O 

ON 

CO 

> O 

o 

m 

r~i 

a 

O 

o 

CO 

H 

O 

O 

vO 

O 

1 

O 

O 

ON 

00: 

w a a a 

> 

• 

« 

vO 

O 

X 

• 

• 

ON 

p-i 

<» 

6 

O 

CO 

5xj 

» 

e 

o 

t-n 

X 

e 

0 

CM 

i — 1 : 

a s^  o 

O 

X o 

o 

i—i 

« — i 

X 

o 

o 

i— j 

p— 1 

X O 

o 

CM 

• — i 

5>s 

o 

o 

CM 

X 

t 

o 

o 

CM 

i — 1 1 

<5  a 

<1 

1 

'w' 

i 

'w' 

1 

i 

'w' 

PCS 

2 a 

cq 

O 

o 

u 

O 

o 

Experiment  XIII  (Graphite) 


278 


Figure  6-1 . Typical  Methane-Hydrogen  Concentration  Profiles  in  the  Exit  Gas  Stream 
from  the  Char  Zone  Thermal  Environment  Simulator  after  Clearing  the  Pore 
Spaces  of  Graphite  "Fines"  with  Helium  or  Nitrogen  Flow. 
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tionated  gas  chromatographic  effluent  stream  was  then  passed 
through  a combustion  furnace  forming  Carbon  dioxide  and  water. 
After  trapping  the  water,  the  carbon  dioxide  was  absorbed  in  a 
one  molar  hydroxide  of  hyamine  (in  methanol)  solution.  Collecting 
the  carbon  dioxide  over  small  intervals  (one  half  to  one  minute) 
produced  radioactive  concentrations  corresponding  to  the 
separated  gases  indicated  on  the  gas  chromatogram.  By  comparing 
the  two  curves  for  identical  retention  times,  the  relative 
amount  of  each  carbon-containing  species  formed  from  the  thermal 
degradation  of  the  labeled  pyrolysis  product  entering  the  char 
was  determined. 

Typical  results  for  Carbon-14  labeled  methane  are  shown 
in  Figure  6-10,  in  which  the  gas  chromatogram(s)  and  corres- 
ponding radioactivity  curve  are  presented.  The  particular 
results  are  for  experiment  XXIX  in  which  the  front  surface 

2 

temperature  was  1935°F  and  the  gas  mass  flux  was  0.00591b/ft  -sec. 
By  comparing  the  two  curves,  the  products  of  methane  decomposition 
were  found  to  be  unreacted  methane,  carbon  monoxide,  carbon 
dioxide,  ethylene  and  acetylene.  These  results  for  methane 
are  very  important  in  the  light  of  predicting  the  manner  in 
which  energy  can  be  absorbed  by  chemical  reaction.  Ethylene 
and  acetylene,  for  example,  are  indirect  products  of  methane 
decomposition  predicted  by  reactions  (6-1)  through  (6-4)  in 
Table  6-7,  while  carbon  monoxide  and  dioxide  are  formed  by 
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Figure  6-10.  Gas  Chromatograms  and  Radioactivity  Curves  of  the  Exit  Product  Stream  from 
the  Char  Zone  Thermal  Environment  Simulator;  (a)  C^  labeled  methane,  (b)  phenol. 
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the  reaction  of  steam  with  deposited  carbon  in  reactions  (6-8) 
through  (6-10).  This  information  established  that  the  chemical 
reactions  used  to  predict  the  phenomena  occurring  in  any  system 
are  correct. 

A similar  discussion  is  presented  for  labeled  phenol. 

These  results  are  likewise  shown  in  Figure  6-10.  Conditions 

for  the  presented  data  were  a front  surface  temperature  of 

2 

1960°F  and  a mass  flux  rate  of  0.0034  lb/ft  -sec.  The  exit  gas 
products  for  phenol  degradation  are  methane,  carbon  monoxide, 
carbon  dioxide,  ethylene  and  acetylene,  as  well  as  unreacted 
phenol  analysed  in  the  liquid  phase.  Once  again  insight  into 
the  kind  of  reactions  necessary  to  produce  the  products  was 
obtained.  The  formation  of  hydrogen  and  carbon  by  reaction 
(6-6)  and  (6-7)  is  probable  by  the  observed  carbon  deposition 
within  the  graphite.  Hydrogenation  of  carbon  by  reaction 
(6-5)  to  form  methane,  followed  by  the  steam-gas  reactions 
(6-8,  6-9,  6-10)  and  the  hydrocarbon  cracking  reactions  (6-1, 

6-2,  6-3,  6-4)  accounts  for  each  radioactive  species  observed. 

In  both  methane  and  phenol  degradation,  thermal  decompo- 
sition of  the  major  species  in  the  simulated  pyrolysis  product 
stream  was  described  and  accounted  for  by  the  reactions  considered 
important  between  500  - 3000° F. 

In  addition  to  the  product  distribution  resulting  from  the 
thermal  degradation  of  methane  and  phenol,  deposited  carbon  was 
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also  observed  to  occur.  The  location  of  the  carbon  deposition 
within  the  char  layer  is  important  in  defining  the  temperature 
at  which  reactions  become  significant.  This  topic  is  discussed 
in  detail  in  the  next  section. 

Carbon  Deposition  Studies  by  Radioactive  Tracer  Methods 

The  location  and  extent  of  carbon  deposition  resulting 
from  methane  and  phenol  decomposition  was  determined  using 
Carbon-14  labeled  methane  and  phenol.  In  the  specific  cases 
studied,  labeled  methane  and  phenol  were  fed  separately  as 
components  in  the  simulated  pyrolysis  product  stream  entering 
the  char.  The  char  was  removed  after  each  experiment  and 
sectioned  by  removing  thin  layers  using  emery  paper.  These 
layers  varied  between  one  and  ten  percent  (by  weight)  of  the 
total  char  and  were  combusted  separately  with  collection 
of  the  carbon  dioxide  in  one  molar  hydroxide  hyamine  (in 
methanol)  solution.  The  radioactivity  of  each  thin  layer 
was  determined  and  plotted  as  a function  of  char  depth.  In 
Figure  6-11  such  a curve  is  shown  for  the  thermal  degradation 
of  phenol  and  Figure  6-12  is  a similar  curve  for  the  decom- 
position of  radioactive  labeled  methane.  The  hashed-in 
rectangular  blocks  represent  the  total  percent  radioactivity 
of  the  thickness  of  the  individual  slices  analysed,  while  the 
dotted  curve  represents  the  percent  radioactivity  per  unit  thick- 


Figure  6-12.  Carbon  Deposition  Profile  for  the  Thermal  Degradation  of  Methane,  a Major 

Component  in  the  Pyrolysis  Gas  Stream. 
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ness  at  a particular  char  depth.  The  results  in  Figure  6-11 

are  for  phenol  decomposition  at  a mass  flux  rate  of  0.0059 

2 

lb/ft  -sec  and  a front  surface  temperature  of  1960°F.  Depo- 
sition of  carbon  appears  to  start  at  a char  depth  of  0.38 
corresponding  to  a temperature  of  1300  °F,  and  continues 
uniformly  to  0.925  where  the  temperature  is  1925°F.  At  this 
point  a rapid  decrease  is  noted  indicating  either  no  further 
carbon  deposition  or  disappearance  of  carbon  by  chemical  reaction. 

Similar  results  are  observed  for  carbon  deposition  by 
methane  decomposition  in  Figure  6-12.  Since  carbon  deposition 
by  methane  and/or  phenol  degradation  is  an  increasing  function 
of  temperature,  and,  since  a substantial  amount  of  phenol  and 
methane  is  present  in  the  exit  gas  stream,  it  is  unlikely 
that  carbon  deposition  reactions  have  terminated.  Instead, 
the  reaction  of  the  deposited  carbon  with  steam  (or  carbon 
dioxide)  is  a more  probable  explanation  of  the  decline  noted 
in  Figure  6-12,  This  is  also  substantiated  by  the  rapid  decrease 
in  water  concentration  at  the  same  temperature  where  carbon 
deposition  declines.  Additionally,  carbon  was  observed  on  the 
quartz  cover  plate  and  inside  surfaces  of  the  outer  char 
holder  section  which  indicated  that  the  carbon  deposition 
reactions  were  continuing  after  the  gases  had  left  the  char 
surface.  Therefore,  a very  comprehensive  picture  of  carbon 
deposition  with  regard  to  its  location,  the  causes  for  its 
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appearance  and  disappearance,  and  its  effect  on  the  exit  gas 
product  distribution  was  obtained.  This  was  one  additional, 
important  use  of  an  accurate  mathematical  model  in  predicting 
phenomena  very  difficult  and  often  impossible  to  determine  with 
experimental  techniques  only. 

The  combination  of  the  radioactive  tracer  techniques  and  the 
non-equilibrium  flow  analysis  will  be  applied  in  evaluating 
various  catalysts  for  accelerating  the  chemical  reactions  and, 
thereby,  increasing  the  energy  absorbed  within  the  char  zone. 

The  effectiveness  of  each  catalyst  will  be  determined  in  the 
following  section  by  comparing  the  results  with  data  from 
non-catalytic  experiments. 

Catalytic  Reactions  of  the  Pyrolysis  Products  in  the  Char  Zone 
The  discussion  thus  far  has  shown  that  chemical  reactions 
within  the  char  layer  are  very  important  modes  of  energy  ab- 
sorption. It  was  also  pointed  out  that  chemical  non-equilibrium 

becomes  important  between  2000  - 2500  °F  for  a mass  flux  rate 
2 

of  0.05  lb/ft  -sec  (Tables  6-13  through  6-16).  Below  this  range, 
the  flow  of  pyrolysis  products  through  the  char  is  essentially 
frozen,  while  above  2000  °F,  the  flow  is  best  described  by 
finite  reaction  rates  for  the  important  chemical  reactions 
taking  place  within  the  char  between  the  pyrolysis  products. 

In  reentry  applications  where  the  temperature  gradient 
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across  the  ablator  may  vary  from  500  - 5000 °F,  the  frozen 

state  (less  than  2000  °F)  can  extend  over  nearly  one  third 
the  entire  thickness.  Within  this  region  heat  absorption  by 
conduction  and  convection  are  the  only  important  modes  of 
energy  transfer.  In  order  to  increase  the  capacity  of  this 
region  to  absorb  heat,  and  thus  proportionately  reduce  the  total 
heat  shield  weight  requirement,  the  introduction  of  a catalyst 
to  initiate  chemical  reactions  in  the  lower  temperature  range 
(<  2000  °F)  was  evaluated. 

There  are  two  types  of  catalyst  systems:  homogeneous  and 

heterogeneous.  The  first  involves  the  introduction  of  a 
chemical  compound  which  is  in  the  same  phase  as  the  pyrolysis 
product  stream.  The  homogeneous  catalyst  effectively  reduces 
the  energy  of  activation  by  interacting  with  the  various  species 
present.  To  illustrate  this  interaction  the  catalytic  chlorination 
of  nitrous  oxide  in  the  presence  of  bromine  is  used  as  an 
example  (58)  of  the  action  of  a homogeneous  catalyst.  The 
direct  chlorination  occurs  by  reaction  (6-14): 

2N0  + Cl2  ->  2N0C1  (6-14) 

Introducing  bromine  results  in  a two  reaction  sequence  as 
follows : 


2N0  + Br2  - 


2N0Br 


(6-15) 
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2N0Br  + Cl2  -*  2N0C1  + Br2  (6=16) 

The  reaction  with  the  greatest  activation  energy  between  (6=15) 
and  (6-16)  is  the  rate  determining  step  for  the  sequence. 

Bromine  is  considered  a catalyst  if,  and  only  if,  the  energy 
of  activation  of  the  rate  determining  step  is  smaller  than  the 
energy  of  activation  of  reaction  (6-14) „ Such  is  the  case  for 
this  example.  Other  homogeneous  catalysts  are  iodine,  hydrogen 
bromide,  hydrogen  fluoride,  nitric  oxide,  chlorine  and  mercury 
(59,60,61,62,63). 

In  the  case  of  the  halogens,  incorporation  of  an  organic 
halide  into  the  composite  which  thermal  degrades  at  or  near  the 
temperature  for  the  nylon-phenolic  resin  could  be  used  to  intro- 
duce the  catalyst  into  the  pyrolysis  product  stream.  One  example 
for  bromine  is  tr ibromobutane  which  vaporizes  at  225°C  or  540°F 
(nylon-phenolic  resin  at  250° C ) and  forms  HBr  and  cracked 
products  of  an  olefin. 

The  second  kind  of  catalyst  system  with  application  to  flow 
of  hydrocarbon  products  through  porous  media  are  the  hetero- 
geneous catalysts.  These  consist  of  a thin  dispersion  of  an 
active  metal  on  a porous  solid,  called  a catalyst  support. 

Gases  are  thus  absorbed  on  the  metal  surfaces  as  they  flow 
through  the  porous  solid,  undergo  chemical  reactions,  and 
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resorbed  into  the  gas  stream.  The  kind  of  solid  supports  used 
vary  from  clays  and  alumina  to  porous  carbon. 

Heterogeneous  catalysts  are  widely  used  in  the  petroleum 
and  chemical  industries  for  accelerating  hydrogenation  and 
dehydrogenation  reactions,  hydrocracking  reactions  and  hydro- 
forming reactions.  Some  typical  active  metals  used  in  these 
applications  are  platinum,  tungsten,  molybdenum,  palladium,  etc. 
(64).  One  example  involves  the  catalytic  hydrogenation  of 
benzene  to  cyclohexane  at  room  temperature  with  platinum  on 
porous  carbon  supports  (64).  Cyclohexane  is  then  cracked 
to  lower  molecular  weight  compounds  at  840°F  (65).  Details 
for  the  catalytic  cracking  of  numerous  organic  compounds 
are  presented  by  Vogh  (66). 

In  many  cases  the  use  of  heterogeneous  catalysts  is  restricted 
to  applications  which  do  not  contain  compounds  that  deactivate 
the  metal  surfaces.  Some  of  these  so  called  poisons  are 
carbon  monoxide,  sulfur  and  deposits  of  carbon  or  coke.  Although 
there  is  no  sulfur  in  the  pyrolysis  product  stream,  carbon 
monoxide  and  deposited  carbon  are  present  requiring  additional 
screening  of  the  heterogeneous  catalyst  considered.  The  activity 
and  selectivity  of  the  catalyst  chosen  for  this  application  is 
discussed  in  a subsequent  section. 

Because  the  heterogeneous  catalyst  exists  in  a different 
state,  the  solid  phase,  than  the  pyrolysis  products,  introduc- 
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tion  into  the  system  requires  more  detailed  planning.  There 
are  two  possible  techniques  that  permit  the  placement  of  a 
finely  dispersed  metal  catalyst  on  the  char  of  a charring 
ablator.  The  first  takes  advantage  of  a nylon-platinum 
catalyst  used  to  hydrogenate  benzene  to  cyclohexane  (67). 

The  inclusion  of  this  platinum  impregnated  nylon  with  nylon 
and  phenolic  resin  during  the  molding  process  could  be  made. 
During  ablation,  the  nylon  would  degrade  and  release  the  metal 
catalyst  which  would  be  distributed  on  the  surface  of  the  formed 
char  layer.  The  presence  of  water  and  hydrogen  at  the  lower 
temperatures  ( <900° F)  would  prevent  coking,  leaving  the  metal 
sites  exposed  to  promote  the  pyrolysis  reactions. 

The  second  method  is  similar  to  the  method  used  for  intro- 
ducing  a homogeneous  catalyst  into  the  pyrolysis  product  stream. 
In  this  case  an  organo-metallic  compound  such  as  nickel  stearate 
(68)  could  be  included  which  would  vaporize  in  the  decomposition 
zone  with  deposition  of  nickel  on  the  char  surface.  This  action 
is  commonly  observed  in  vapor  phase  cracking  processes  (68,69) 
in  which  increased  activity  of  the  cracking  catalyst  results 
in  excessive  carbon  and  hydrogen  formation.  Other  similar 
compounds  are  the  carbonyl  compounds  of  nickel,  iron  and  cobalt 
(70).  The  combination  of  both  catalysts  systems  may  also  be 
possible  by  using  compounds  containing  both  metal  and  halogen 
atoms,  such  as  platinum  iodide.  The  advantage  of  this  type  of 
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co-catalyst  would  exist  only  if  both  groups  were  found  to 
accelerate  chemical  reactions  within  the  char  layer. 

The  following  sections  will  describe  the  results  obtained 
in  tests  using  the  Char  Zone  Thermal  Environment  Simulator.  Each 
catalyst  system  will  be  compared  with  non-catalytic  data  to 
determine  the  extent  of  chemical  reaction  due  to  the  addition 
of  the  catalyst.  The  preparation  of  each  catalyst  and  the 
procedure  for  introducing  it  into  the  experimental  simulation 
will  also  be  discussed. 

Homogeneous  Catalysis  of  the  Pyrolysis  Products:  Unlike  the 

heterogeneous  catalysis  systems , very  little  information  regard- 
ing the  activity  of  various  homogeneous  catalyst  systems  is 
contained  in  the  literature.  One  source,  however,  reported 
the  relative  activity  of  several  organic  halides  and  halogen 
catalysts  for  the  catalytic  degradation  of  hydrocarbons  to 
carbon  monoxide,  carbon  dioxide  and  organic  acids,  aldehydes 
and  ketones,  (71).  A list  of  the  relative  activities  of  these 
catalysts  are  presented  in  Table  6-23  with  iodine  as  a reference 
(relative  activity  of  100).  No  relative  activities  of  nitrous 
oxide  or  mercury  were  found.  Also  hydrogen  fluoride  was  omitted 
from  the  above  list  of  relative  activities. 

Although  the  above  may  indeed  be  excellent  homogeneous 
catalysts,  certain  aspects  of  the  ablative  process  prohibit 
their  use.  For  example,  nitrous  oxide,  while  exhibiting  excellent 


Table  6-23.  Relative  Activity  of  the  Halogens  and  Organic  Halides  as  Catalysts  in 
the  Thermal  Degradation  of  Pyrolysis  Gas  Products. 
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catalytic  activity  for  the  thermal  degradation  of  certain  hydrocarbons 
requires  a concentration  too  great  to  be  practically  included 
in  the  composite  (59).  Similarly,  hydrogen  fluoride  and  mercury 
are  almost  exclusively  used  as  liquid  phase  catalysts  (72,73). 

As  a result,  attention  in  this  research  was  given  to  the  halides 
which  were  not  only  reported  as  good  catalysts  in  hydrocarbon 
decomposition  and  oxidation  reactions  (74),  but  also  required 
in  small  enough  concentrations  to  be  conviently  and 
economically  feasible  for  ablative  heat  shield  applications. 

Experimental  Results  for  Homogeneous  Catalysis  of  the 
Pyrolysis  Product  Reactions  with  Bromine:  As  a matter  of  con- 

venience  in  the  experimental  simulation  apparatus,  bromine  was 
selected  as  a representative  halide  catalyst.  It  was  convenient 
to  dissolve  bromine  in  the  water  and  feed  the  resulting  solution 
to  the  char  holder  with  phenol  and  the  gaseous  pyrolysis  products. 

The  concentration  of  bromine  in  the  water  solution  was  varied 
from  1.0  to  4.0%  by  weight. 

The  selection  of  bromine  as  a suitable  and  typical  catalyst 
was  based  on  evidence  of  strong  aromatic  ring  attack,  such  as 
with  phenol,  to  form  tribromophenol  at  ambient  conditions. 

In  addition  it  has  excellent  oxidative  properties  in  decomposing 
hydrocarbons  such  as  propane  to  carbon  monoxide,  carbon  dioxide 
and  other  organic  species  such  as  organic  acids,  aldehydes  and 
ketones  (74).  Furthermore,  the  formation  of  HBr  from  hydrogen 
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and  bromine  occurs  at  moderate  temperatures  (200  - 300° C) 
by  the  following  mechanism  (75).  This  gives  the  additional 
catalytic  benefit  of  HBr  being  present. 


Br2 

Br 

+ Br 

Br  + H2 

— > 

HBr  + H 

H + Br2 

1 — > 

HBr  + Br 

H + HBr 

■*4 

H2  + Br 

Br  + Br 

* 

Br2 

* 

Br2  -* 

Br 

+ Br 

Also  it  established  a reference  to  the  remaining  halide  catalysts 
contained  in  Table  6-23  and  thus  makes  an  exhaustive  investi- 
gation unnecessary  if  significant  promotion  of  chemical  reaction 
rates  are  found.  The  above  mechanism  is  favored  by  low  pressure 
and  large  surface  area,  both  of  which  exist  in  the  char  zone 
during  reentry. 

Results  of  several  experiments  are  shown  in  Table  6-24. 

The  experimental  exit  gas  compositions  are  no  longer  predicted 
by  the  non-equilibrium  flow  model  within  the.  experimental  accuracy 
as  observed  for  the  non-catalytic  experiments.  Also  the  reactions 
are  not  at  equilibrium  as  seen  from  the  table. 

The  effect  of  bromine  as  a catalyst  is  better  illustrated 
by  comparing  experiment  XXVIII”92,  in  which  the  mass  flux  was 


Table  6-24.  Flow  of  Pyrolysis  Gases  Through  Graphite.  Effect  of  Bromine  Catalyst  on 

the  Exit  Gas  Compositions. 
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0.0044  lb/ft2~sec,  the  front  surface  temperature  of  1920°F 

and  no  bromine,  with  experiment  XXV-81  (mass  flux  of  0.0038 
2 

lb/ft  -sec,  a front  surface  temperature  of  1995°F  and  4%,(wt) 
bromine  catalyst)  in  Table  6=25.  The  conditions  are  almost  the 
same,  and  the  extent  of  reaction  is  greater  for  the  experiment 
with  bromine  present.  The  addition  of  bromine  accelerated  the 
chemical  reactions  as  seen  by  the  facts  that  significantly 
more  of  the  water  (17.6%  rather  than  25.4%,)  and  phenol 
(7.2%  rather  than  9.5%,)  had  been  consumed  than  would  have  been 
if  bromine  had  not  been  present.  This  is  also  seen  by  direct 
comparison  of  the  experimental  exit  gas  compositions  from  each 
of  the  similar  experiments.  A measured  decrease  in  the  water 
and  phenol  concentrations,  with  corresponding  increases  in 
methane,  carbon  monoxide,  carbon  dioxide,  ethylene  and  acetylene 
are  obtained  in  the  bromine  catalysed  experiment.  These  same 
trends  are  observed  in  all  investigations  with  bromine  and  are 
independent  of  the  catalyst  concentrations  used  (1.0  to  4.0% 
by  weight). 

The  effect  of  the  bromine  catalysis  is  also  seen  by 

inspecting  the  carbon  deposition  profiles  for  the  thermal 

decomposition  of  phenol  in  the  simulated  pyrolysis  product  stream. 

This  is  presented  in  Figures  6=13  and  6=14.  The  carbon  deposition 

profile  for  the  non=eata'lytic  experiment  is  shown  in  Figure  6-13 

2 

for  a mass  flux  of  0.0059  Ib/ft  -sec  and  1935°F.  Deposition 
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Figure  6-14.  Carbon  Deposition  Profile  for  the  Thermal  Degradation  of  Phenol  Catalyzed 

by  Bromine  in  a Concentration  of  4%  (by  weight). 
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begins  at  a distance  of  0.38  in  the  char  where  the  temperature 

is  1310  °F  with  a uniform  increase  to  a maximum  value  at  0.925 

or  1915°F.  At  this  point  the  profile  decreases.  In  contrast 

to  this  curve.  Figure  6-14  represents  the  carbon  deposition 

profile  for  the  bromine  catalysed  experiment  in  which  the 

2 

mass  flux  was  0.0075  lb/ft  -sec  and  1900°F.  There  is  a definite 
shift  in  the  carbon  deposition  curve  with  the  maximum  value 
moving  from  0.925  to  0.71  or  from  a temperature  of  1915°F 
to  1630°F,  Deposition  again  starts  at  a distance  of  0.38  (1300°F). 
Also  additional  carbon  deposition  was  noted  near  the  front  surface 
at  a temperature  of  about  1925°F. 

Similar  profiles  are  shown  in  Figure  6-15  and  6-16  for 
carbon-14  labelled  methane  decomposition.  Although  the  results 
are  not  as  pronounced  as  the  phenol  data,  a detectable  shift 
in  the  carbon  deposition  pattern  is  again  observed.  Deposition 
begins  at  0.48  (1555°F)  for  the  non-catalytic  experiment 
compared  with  0.42  (1500°F)  for  the  bromine  catalyzed  case. 

The  point  of  maximum  deposition  is  shifted  away  from  the  front 
surface  to  a position  corresponding  to  1893°F  or  0.85.  The 
peak  for  the  bromine-free  experiment  is  located  at  0.98  (1930°F). 

In  summary  these  results  show  that  bromine  is  an  active 
catalyst  for  the  catalytic  cracking  of  phenol  in  the  presence 
of  hydrogen  (hydrocracking)  and  to  a lesser  extent  for  the 
hydrocracking  of  methane.  A similar  discussion  regarding  the 


Figure  6-15.  Carbon  Deposition  Profile  for  the  Thermal  Degradation  of  Methane,  a Major 

Component  in  the  Pyrolysis  Gas  Stream. 


Figure  6-16.  Carbon  Deposition  Profile  for  the  Thermal  Degradation  of  Methane  Catalyzed 

by  Bromine  in  a Concentration  of  4%  (by  weight). 
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cracking  of  the  pyrolysis  products  using  heterogeneous  catalyst 
is  presented  in  the  following  section. 

Heterogeneous  Catalysis  of  the  Pyrolysis  Product  Reactions 
Using  a Tungsten-Molybdenum  Co-Catalyst : A great  deal  of 

research  into  heterogeneous  catalysts,  their  applications  and 
activities  has  been  reported  in  the  literature  (64,65,66,67). 
These  catalyst  are  excellent  hydrogenation  accelerators  for 
a number  of  hydrocarbons  common  to  the  petroleum  and  chemical 
industries.  However,  they  are  also  susceptible  to  deactivation 
by  reaction,  adsorption  or  coating  by  several  poisons.  The 
two  poisons  which  are  present  in  the  pyrolysis  gases  are  carbon 
monoxide  and  coke  (or  carbon)  formation.  These  two  poisons  are 
present  in  the  char  zone  and  must  be  considered  when  selecting 
possible  heterogeneous  catalysts.  These,  poisons  rule  out  the 
use  of  platinum,  paladium,  rhodium,  nickel  and  selenium 
since  these  are  all  poisoned  by  carbon  monoxide.  In  light  of 
this  discussion,  tungsten,  because  of  its  relatively  good 
activity  in  systems  containing  carbon  monoxide,  and  molybdenum, 
because  of  its  high  selectivity  in  the  thermal  degradation  of 
hydrocarbons,  were  selected  as  co-catalysts. 

The  method  used  to  disperse  these  metals  on  the  graphite 
specimens  was  the  standard  procedure  to  prepair  heterogeneous 
catalysts  and  is  as  follows.  First,  the  metals  were  obtained 
as  metal  acids  (anhydrous)  and  added  to  hot  (80°C)  sulfuric  acid. 
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Molybdenum  was  completely  dissolved  while  tungsten  formed  a 
saturated  solution.  The  graphite  specimens  were  placed  in  the 
hot  solution  and  stirred  vigorously  for  thirty  minutes.  The 
second  phase  of  the  procedure  involved  the  passing  of  carbon 
disulfide  vapors  through  the  graphite  to  convert  the  metal 
oxides  to  sulfides  which  increases  the  catalytic  activity  of 
the  metals.  The  specimens  were  then  dried  at  110°F  and  re- 
weighed to  determine  the  weight  of  catalyst  dispersed  within 
the  pores.  The  catalyst  concentration  varied  from  5 to  6 
percent  (by  weight)  of  the  co-catalyst  (50:50).  This  is 
typical  of  the  dispersed  (metal)  phase  composition  of  hete- 
rogeneous catalysts. 

The  effect  of  this  catalyst  on  the  reactions  of  the  pyro- 
lysis products  in  the  char  zone  is  shown  in  Table  6-26.  Although 
there  are  noticeable  differences  between  the  experimentally 
measured  exit  gas  compositions  and  the  computed  values  for  the 
uncatalyzed  case,  they  are  not  as  pronounced  as  the  results  for 
bromine.  This  is  better  indicated  by  comparing  the  results  of 
non-catalytic  experiments  (XXVIII-92  and  XXIX-94)  with  the  values 
obtained  in  the  heterogeneous  co-catalyst  systems  (XXXII-99 

and  XXXI-98).  The  exit  gas  compositions  are  shown  in  Table  6-27 

2 

for  an  average  mass  flux  rate  of  0.0048  lb/ft  -sec  and  a front 
surface  temperature  range  of  I8600  to  1945°F.  No  detectible 
difference  between  the  four  experiments  is  determined.  Similarly, 


Table  6-26.  Flow  of  Pyrolysis  Gases  Through  Graphite.  Effect  of  Molybdenum-Tungsten 

Co-catalyst  on  the  Exit  Gas  Composition, 
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a comparison  of  the  carbon  deposition  profiles  for  carbon-14 
labeled  phenol  (XXVIII  and  XXXII)  and  methane  (XXIX  and  XXXI) 
show  no  substantial  shift  in  the  position  of  the  maximum 
deposition  or  the  location  where  carbon  deposition  begins. 

These  are  shown  in  Figures  6-17  through  6-20.  A slight  difference 
in  behavior  near  the  front  surface  is  observed.  However, 
this  represents  no  substantial  change  from  the  non-catalytic 
behavior . 

A series  of  experiments  with  a platinum  catalyst  dispersed 
on  the  graphite  specimens  was  also  conducted  using  phenol- 
water  free  pyrolysis  gases  having  a relatively  low  carbon  monoxide 
concentration.  These  studies  showed  no  catalytic  activity  over 
a temperature  range  of  1370°  to  1755°F.  The  results  of  these 
tests  are  summarized  in  Table  6-28.  The  flow  remained  frozen  in 
each  experiment  studied. 

Summary  of  the  Catalytic  Studies  to  Increase  Reactions  in  the 
Char  Zone 

Results  for  adding  bromine  to  the  pyrolysis  product  stream 
as  a homogeneous  catalyst  indicated  increased  chemical  reactions 
within  the  char  zone.  This  acceleration  was  shown  by  comparison 
of  the  exit  gas  composition  from  non-catalytic  and  catalytic 
experiments  with  the  calculated  exit  gas  composition  based  on 
the  non- equilibrium  (non-catalysed)  flow  model.  Furthermore, 


Table  6-28.  Flow  of  Pyrolysis  Products  Through  Porous  Graphite.  Exit  Gas  Compositions 

of  Platinum  Catalysed  Experiments. 
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carbon  deposition  profiles  were  used  to  locate  the  position  and 
temperature  where  deposition  resulting  from  methane  and  phenol 
thermal  degradation  occurred. 

The  use  of  bromine  (or  HBr)  as  a representative  homogeneous 
catalyst  made  a detailed  investigation  unnecessary  because  of 
the  relative  activity  of  various  halides  to  hydrogen  bromide 
in  Table  6-23.  By  comparison,  iodine  and  organic  iodides 
should  have  a greater  influence  on  the  pyrolysis  product  reactions, 
while  chlorine  or  the  organic  chlorides  should  have  a lesser 
influence . 

No  detectable  change  in  the  exit  product  composition,  and, 
therefore,  in  the  rates  of  chemical  reaction  of  the  pyrolysis 
products,  were  observed  for  tungsten  and  molybdenum  co-catalysts 
and  platinum  over  a temperature  range  of  1845°  to  2300°F. 

Oxidative  Degradation  of  Low  Density  Ny Ion- Phenolic  Resin  Chars 
in  an  Air  Stream  at  Elevated  Temperatures 

The  oxidative  degradation  of  low  density  nylon-phenolic 
resin  chars  is  important  in  reentry  applications  as  a result 
of  the  hot,  shock  heated  air  streams  flowing  adjacent  to  the 
char  front  surface.  It  is  believed  that  a portion  of  this  air 
stream  penetrates  the  char  front  surface  forming  large  cavities 
and  irregular  shaped,  erroded  areas  on  the  surface  of  the  heat 
shield  during  reentry  or  in  models  tested  in  arc  jets. 
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In  order  to  determine  the  extent  of  air  oxidation,  experiments 
were  made  in  the  Char  Zone  Thermal  Environment  Simulator  in 
which  air,  at  rates  corresponding  to  reentry  values,  was 
injected  into  the  char  at  the  front  surface.  These  experi- 
ments simulated  a maximum  air  mass  flux,  because  there  is  pyro- 
lysis gas  flow  counter  to  the  air  during  ablation. 

To  determine  whether  air  reacted  at  the  surface  or  in 
depth,  samples  of  the  exit  gas  stream  were  taken  at  short 
intervals  to  determine  the  oxygen  conversion  within  the  char. 

The  result  of  these  analyses  for  two  separate  experiments 

are  shown  in  Figure  6-21.  At  an  air  mass  flux  of  0.0057 
2 

lb/ft  -sec  and  a front  surface  temperature  of  1485°F.  The 

maximum  conversion  of  oxygen  at  the  back  surface  was  53% 

corresponding  to  an  oxygen  concentration  of  10  mole  percent 

leaving  the  back  surface.  A back  surface  temperature  of  747°F 

was  measured  for  the  1/8  inch  thick  char.  Increasing  the  air 

2 

flow  rate  to  0.035  lb/ft  -sec  and  a front  surface  temperature 
of  2047°F,  increased  the  maximum  conversion  at  the  rear  surface 
to  81%  or  a concentration  of  four  percent  leaving  the  char 
back  surface.  The  back  surface  temperature  was  measured  at 
304°F.  The  char  thickness  was  1/4  inch.  The  relatively  low 
back  surface  temperatures  indicate  that  the  highly  exothermic  re- 
action probably  occurs  near  the  front  surface.  Although  oxygen 
conversion  at  the  back  surface  was  never  complete  indicating  the 
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Figure  6-21,  Conversion  of  Oxygen  as  a Function  of  Experimental  Run  Time  for  the  Air 

Oxidation  of  Porous  Graphite  at  High  Temperatures, 
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presence  of  oxygen  within  the  pores  at  all  char  depths,  the 

extent  of  oxidation  in  depth  appears  small  in  comparison  to 

the  surface  oxidation.  A photograph  of  the  front  surface 

after  11  minutes  exposure  to  an  air  mass  flux  of  0.035  lb/ft  -sec 

and  a temperature  of  2047 °F  (Experiment  XVII)  is  shown  in 

Figure  6-22.  The  three  large  erroded  areas  indicate  strong 

surface  attack.  The  rounded  edges  near  the  errosions  further 

support  the  concept  that  oxidation  occurs  where  there  is  the 

least  resistance  to  flow.  The  time  for  these  holes  to  be  formed 

can  be  estimated  by  comparing  the  length  of  time  necessary  to 

obtain  near  zero  oxygen  conversion  at  the  back  surface  in  Figure  6-21. 

In  addition  to  the  experimental  data,  a modification  to 
the  isothermal  analysis  (Appendix  F)  was  made  by  considering 
temperatures  within  the  char  to  vary  linearly  with  char  dist- 
ance. This  approximation  premits  the  calculation  of  the  oxygen 
conversion  for  a given  char  depth  (residence  time)  and  front 
surface  temperature,  A comparison  of  the  calculated  and  measured 
maximum  conversions  is  shown  in  Table  6-29.  The  conversion  of 
oxygen  with  char  depth  is  also  presented  in  Figure  6-23  for  the 
linear  approximation  of  the  temperature  and  also  the  isothermal 
evaluations  at  the  front  and  back  surface  temperatures.  The 
data  used  to  describe  the  air  oxidation  of  graphite  is  presented 
in  Table  6-29.  Agreement  of  the  calculated  and  experiment  con- 
versions at  the  back  surface  is  within  the  experimental 
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Figure  6-22.  Photograph  of  the  Char  Front  Surface  after  Eleven  Minutes  Exposu 
to  Air  Flowing  at  a Mass  Flux  of  0,035  lb/ft^-sec  and  a Temperature  of  2047 


Table  6-29.  Air  Oxidation  of  Low  Density  Nylon- Phenolic  Resin  Chars.  A Detailed 
Comparison  of  the  Calculated  and  Measured  Oxygen  Conversion  at 
the  Char  Back  Surface  (Exit  Surface) . 
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Figure  6-23.  Conversion  of  Oxygen  for  the  Flow  of  Air  Through  a 
Low  Density  Nylon-Phenolic  Resin  Char  at  a Mass  Flux  of 
0.035  lb/ft2-  sec  and  a Temperature  of  1485°F. 
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accuracy  of  the  analyses.  Values  of  30Kcal/mole  for  the  activa- 
tion energy  and  1 x 10^  Sec  ^ were  used  for  the  first  order 
air  oxidation  of  carbon,  Energies  of  activation  between  8 
and  43  Kcal/mole,  frequency  factor  between  10^  and  10^  and 
reaction  orders  of  zero,  one  half  and  one  are  reported  in  the 
literature  (42) . 
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VII.  CONCLUSIONS 


Based  on  the  experimental  and  theoretical  results  of  this 
research  the  following  conclusions  are  drawn: 

Reacting  Flow  of  Pyrolysis  Products  in  the  Char  Zone 

1.  The  reacting  flow  of  pyrolysis  products  from  nylon-phe- 
nolic resin  composites  in  the  char  zone  is  accurately  described 
by  a non-equilibrium  model  employing  reaction  kinetic  data  of 

the  important  reactions  occurring  in  the  system.  For  the  simulated 

pyrolysis  product  compositions  in  Table  6-5,  mass  flux  values 

2 

between  0,00003  - 0.10  lb/ft  -sec  and  a front  surface  temperature 
range  of  1350  - 2300°F,  the  reactions  and  associated  kinetic  data 
in  Table  6-6  accurately  describe  the  energy  transfer  in  the 
char  zone.  These  reactions  are  valid  up  to  3000° F.  Above  this 
temperature,  additional  reactions  must  be  considered  to  accu- 
rately describe  the  reacting  flow  system. 

2 

2.  Under  conditions  of  high  mass  fluxes  (>  0.01  lb/ft  -sec) 

and/or  low  temperatures  ( «•'  2000°F),  the  flow  of  pyrolysis  products 

is  essentially  frozen.  These  conditions  define  the  upper 
limitation  of  the  frozen  flow  model. 

3.  The  equilibrium  flow  model  erroneously  predicts  the 

behavior  in  the  char  for  all  conditions  except  those  in  which 

2 

the  mass  flux  rate  is  smaller  than  0.0001  lb/ft  -sec.  Mass 
flux  rates  greater  than  this  value  require  the  use  of  a non- 
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equilibrium  flow  analysis  to  describe  reactions  occurring  at 
finite  rates. 

Reacting  Flow  of  Pyrolysis  Products  Through  Porous  Graphite 

1.  The  same  results  are  obtained  for  the  reacting  flow 
of  pyrolysis  products  in  porous  graphite.  The  same  important 
reactions  and  kinetic  data  that  applied  to  the  low  density 
nylon-phenolic  resin  chars,  likewise  apply  to  the  graphite 
between  1350  - 2300°F  and  0.00003  - 0.10  lb/ft2-sec.  This 
permits  the  substitution  of  graphite  for  the  brittle  chars  in 
studies  requiring  post-experimental  analyses  of  the  porous 
media;  i.e.,  carbon  deposition  studies. 

2.  In  order  to  compare  the  results  from  char  and  graphite 
experiments,  the  mass  flux  in  the  pores  must  be  identical. 

This  corrects  for  differences  in  the  porosity  of  each  material. 

3.  The  inclusion  of  graphite  "fines"  in  the  pore  spaces, 
during  the  fabrication  procedure,  results  in  reactions  with 
hydrogen  forming  methane.  Purging  the  graphite  with  helium 

or  nitrogen  prior  to  an  experiment  is  sufficient  to  remove  these 
dust-like  particles  from  the  pore  spaces  and  eliminate  the 
methane  formed  from  this  more  reactive  form  of  graphite. 

Carbon  Deposition  Studies 


1.  The  use  of  radioactive  tracers  is  a very  effective 
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method  of  determining  the  extent  of  carbon  deposition  within 
the  char  from  the  cracking  of  the  pyrolysis  gases.  A plot  of 
the  percent  radioactivity  as  a function  of  char  depth  very 
graphically  determines  the  position  where  deposition  starts, 
ends  and  is  maximum. 

2.  Carbon  is  deposited  as  a result  of  the  thermal  degra- 
dation of  methane  and  phenol.  Deposition  starts  near  the  middle 

of  the  char  (z/L  = 0.5)  where  the  temperature  is  1400aF  and  increases 
uniformly  to  a maximum  value  near  the  front  surface  at  a 
temperature  of  1900  °F. 

Degradation  Product  Distribution 

1.  The  products  of  methane  degradation  were  determined 

by  comparing  radioactive  tracer  concentration  profiles  with  the 
gas  chromatograms  of  the  exit  gases  leaving  the  Char  Zone 
Thermal  Environment  Simulator.  The  species  identified  were 
carbon  monoxide,  carbon  dioxide,  ethylene,  acetylene  and 
unreacted  methane. 

2.  Similarly,  the  products  of  phenol  degradation  were 
determined.  The  species  were  identified  as  methane,  carbon 
monoxide,  carbon  dioxide  and  unreacted  phenol. 

3.  The  above  methods  provided  excellent  supporting 
evidence  that  the  reactions  considered  important  in  the  mathe- 


matical model  were  correct. 
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Catalysts  Evaluation .Studies 

1.  The  effect  of  adding  homogeneous  catalysts  (such  as 
bromine)  to  the  pyrolysis  product  stream  to  accelerate  chemical 
reactions  and,  therefore,  the  heat  absorption  in  the  system 
was  determined.  Bromine  (and  the  organic  halides  and  other 
halogens)  produced  a catalytic  effect  which  reduced  the  tempera- 
ture at  which  carbon  deposition  starts  from  1400°F  to  1200°F. 

The  position  of  maximum  deposition  was  likewise  shifted  300°F. 

A sharp  declinb  in  the  carbon  deposition  probably  indicated 
rapid  depletion  of  carbon  by  reactions  with  water  and/or  carbon 
dioxide . 

The  product  concentrations  of  the  exit  gas  stream 
is  likewise  different  from  the  non-catalytic  experiments  and 
not  predicted  by  the  non-catalytic  kinetic  data. 

2.  Molybdenum  and  tungsten  heterogeneous  catalysts  did 
not  affect  a measurable  change  in  the  behavior  of  the  system. 

A slight  shift  in  the  carbon  deposition  profiles  were  observed; 
however,  the  results  were  outside  the  experimental  accuracy  of 
the  analytical  equipment.  Platinum  was  used  in  earlier  studies 
and,  likewise,  failed  to  produce  a change. 

Air  Oxidation  Studies 

The  effect  of  injecting  air  into  low  density  nylon-phenolic 
resin  chars  at  the  front  surface  is  rapid  errosion  near  the 
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edge  regions  of  the  chars.  These  experiments  were  conducted 
by  passing  air  into  the  char  from  the  front  surface  with  no 
counter  flow  of  pyrolysis  products  from  the  rear.  The 
experimental  results  were  bracketed  by  the  isothermal  analysis 
and  values  calculated  using  a linear  description  of  the  tempera- 
ture profile  within  the  char. 


m 
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NOMENCLATURE 


Symbo 1 


Description 


Units 


A 


a 


B 


b 


C 


C 

P 

P 


area 


L 


2 


species  identification  in  a general  expres- 


sion for  a reaction  none 

Runge-Kutta  parameter  in  the  energy  equa-  T 

tion  numerical  solution  method 

ratio  of  system  parameter  defined  in 

equation  (2-13)  none 

formula  number  for  chemical  compounds  none 

coefficients  in  the  polynomial 

defined  in  equation  (2-28)  none 

/ 2 

Runge-Kutta  parameter  in  the  species  M/L  t 

continuity  numerical  solution  method 

ratio  of  system  parameter  defined  in 

equation  (2-14)  none 

mass  of  a chemical  element  M 


coefficients  in  the  polynomial  defined 
in  equation  (2-29) 

ratio  of  the  fluid  to  matrix  thermal 
conductivity 

molar  concentration  defined  in 
equation  (2-38) 

heat  capacity  of  a pure  component  at 
constant  pressure 

heat  capacity  of  a mixture  at  constant 
pressure 


none 

none 

mole/L 


3 


2 2 
L /t  T 


2 2 
L /t  T 
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Symbol 


Description 


Units 


c 


D 

E 

F 

F° 

f 

G 

g 

H 

H° 

h 


total  number  of  atoms  of  a chemical 
element  in  the  system  defined  by 
equation  (3-41) 

coefficients  in  the  polynomial  defined 
in  equation  (2-35) 

substantial  derivative 

mass  diffusivity 

energy  of  activation 


free  energy 

free  energy  at  a standard  state  of  298°K 
and  1 atom 

free  energy  function  defined  in 
equations  (3-31)  and  (3-33) 

any  mathematical  function 

augmented  function  of  the  quadratic 
approximation  to  the  free  energy 
function  defined  in  equation  (3-37) 

force  of  gravity 

enthalpy 

enthalpy  at  a standard  state  of 
298°K  and  1 atom 

heat  transfer  coefficient  in  equation 
(2-3) 

numerical  integration  increment  sizes 


none 


none 


none 

L2/t 

2 2 

ML  / 1 - 

mole 

WT  2 . 2 
ML  / 1 


ML2/t2 


2,  2 

ML  / 1 


none 


ML2/t 

L/t2 


ML2/t 


2 


2 


ML2/t 
M/ 1\ 


2 


none 
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Symbo 1 


Description 


Units 


J 

j 

K 

k 


k° 

L 

M 

M 

w 

ID 


n 

n 

P 

P 

P' 


Q 


q 


i * t 


molar  flux 
mass  flux 

total  number  of  gas  species  in  the  system 

thermal  conductivity 

reaction  rate  constant 

frequency  factor 

char  thickness 

mobility  of  a porous  matrix  defined  in 
equation  (2-84) 

molecular  weight 

total  number  of  chemical  reactions  in 
the  system 

molar  flux  of  species  in  the  char  zone 

moles  of  species 

mole  fraction  of  species 

pressure 

stoichiometric  coefficient  of  the 
products  in  a chemical  reaction 

power  on  the  concentration  terms  for 
products  in  a chemical  reaction 

volumetric  flow  rate 

quadratic  approximation  of  the  free 
energy  function  (3-36) 

heat  generation  by  chemical  reaction 


2 

moles/tL 

M/tL2 

none 

ML/t3T 

*function 
of  reaction 
order . 

L 


none 
M/ moles 

none 

2 

mole/tL 

moles 

none 

M/Lt2 

none 


none 


L3/t 


ML2/t 

M/t3 


2 
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Sytnbo  1 


Description 


Units 


q 


R 


R 

R 

e 

R 

o 


r 


s 


T 

T' 

t 

u 


V 


number  of  gas  plus  solid  (condensed) 
phases  in  the  system 

energy  transfer  by  conduction, 
convection  or  radiation 

ideal  gas  constant 


chemical  reaction  rate 

effective  chemical  reaction  rate  for  gas 
and  solid  species  defined  in  equation  (3-21) 

Reynold’s  number 

dimensionless  mole  flux  defined  in 
equation  (2-43) 

chemical  reaction  rate  of  a chemical  species 


none 

M/t3 

ML2/t2T 

mole 

3 

mole/tL 

mole/tL3 

none 

none 

3 

mole/tL 


stoichiometric  coefficient  of  the 
reactants  in  a chemical  reaction 

radius  of  a cylindrical  graphite  test 
section  included  in  equation  (2-83) 

power  on  the  concentration  terms  for 
reactants  in  a chemical  reaction 

power  on  the  temperature  in  the  rate 
equation  (3-52) 

temperature 

temperature  gradient 

time 

ratio  of  the  actual  to  estimated  mole 
fraction  in  the  free  energy  minimization 
calculation  (3-42) 

volume 


none 


L 


none 


none 

T 

T/L 

t 


none 


L 


3 
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Symbol 

Description 

Units 

V 

velocity 

L/t 

W 

mass  flux  based  on  the  superficial 
velocity 

M/L2t 

W 

P 

mass  flux  based  on  the  velocity  in  the 
pores  spaces  of  chars  and  graphite 

M/L2t 

X 

mass  fraction  of  the  species 

none 

distance  in  the  axial  direction 
(Chapter  II) 

L 

y 

distance  in  the  radial  direction  (2-82) 

L 

estimated  moles  of  species  in  the  free 
energy  minimization  calculation 

none 

y 

estimated  mole  fraction  in  the  free  energy 
minimization  calculation 

none 

z 

distance  in  the  axial  direction 
(Chapter  II  and  III) 

L 

Z 

compressibility  factor 

none 

Greek 

a 

0 

ratio  of  the  mass  flux  to  the  mass 
diffusivity  used  in  equation  ( 2-44  ) 

M/L4 

(V 

viscous  coefficient  in  the  modified 
Darcy's  law  equation  (2-82) 

IT2 

(3 

inertial  coefficient  in  the  modified 
Darcy's  law  equation  (2-82) 

l"1 

Y 

permeability  of  a porous  medium 

L2 

6 

Kronecher  Delta 

none 

A 

a difference  between  two  parameters 

none 

V 

del  operator 

none 
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Syinbo  1 

Description 

Units 

€ 

porosity  of  a porous  medium 

none 

€ 

emissivity  of  a porous  medium 

none 

n 

dimensionless  char  distance  defined  in 
equation  (2-15) 

none 

e 

dimensionless  temperatures  defined  ip 
equations  (2-11)  and  (2-12) 

none 

X 

parameter  of  a straight  line  (0-1) 

none 

M. 

viscosity 

M/Lt 

V 

3.1416 

none 

p 

density 

M/L3 

a 

Stefan-Boltzmann  constant 

M/tV 

a 

collision  diameter 

L 

T 

shear  stress 

M/t2L 

0 

dimensionless  parameters  defined 
in  equations  (2-25),  (2-26)  and  (2-27) 

none 

parameter  used  to  calculate  the  viscosity 
of  a gas  mixture  in  equation  (3-57) 

none 

Q 

collision  integral 

none 

n 

Lagrangian  multipliers  in  equation  (3-37) 

none 

Subscripts 

c 

convection  or  conduction 

d 

carbonaceous  deposit 

e 

effective  or  overall  value 

f 

fluid  or  gas  phase 

Symbol 


Description 


g gas  phase 

L front  surface  of  a char 

m matrix  or  solid  phase 

o initial  or  inlet  condition 

P pressure 

pyrolysis 
pores 

r radiation 

s solid  phase 

T temperature 

total 

y distance  in  the  radial  direction 

z distance  measured  from  the  char  back  surface 

00  free  stream  condition 

1 inside  surface  of  a cylindrical  tube 

2 outside  surface  of  a cylindrical  tube 
Superscripts 

* a standard  or  reference  condition 

° a standard  or  reference  state 


i 


derivative 


A.  INTEGRITY  OF  THE  CALCULATIONS  IN  THE  TEMPRE  SYSTEM 
Introduction 

The  TEMPRE  System  is  a general  analysis  implimented  in 
FORTRAN  IV  for  studying  the  energy  transfer  in  the  char  zone 
of  a charring  ablator.  Three  separate  flow  models  and  two 
boundary  condition  options  are  contained  in  the  system. 

The  Iterative  TEMPRE  System  solves  the  two  point  boundary 
value  problem  obtained  by  specifying  the  back  and  front  char 
surface  temperatures.  An  iterative  solution  for  the  correct 
initial  (or  final)  temperature  gradient  required  to  match  the 
known  front  (or  back)  surface  temperature  is  necessary. 

The  Non-Iterative  TEMPRE  System  solves  the  energy  equation 
with  back  surface  temperature  and  heat  of  pyrolysis  of  the 
virgin  plastic  (and  therefore  the  temperature  gradient)  specified. 
Since  any  front  surface  temperature  is  acceptable,  a parametric 
study  is  necessary  to  investigate  the  wide  range  of  back  and 
front  surface  conditions  on  the  system. 

In  both  of  the  above  options  the  type  of  flow  can  be 
specified  as  frozen,  equilibrium,  or  non-equilibrium.  These 
three  models  give  the  upper  (equilibrium)  and  lower  (frozen) 
limits  on  the  system  and  the  degree  with  which  the  actual 
(non-equilibrium)  behavior  differs  from  the  two  ideal  cases. 

A block  flow  diagram  of  the  TEMPRE  System  is  given  in 
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Figure  A-l.  As  indicated,  the  system  is  composed  of  one  primary 
section  and  eight  secondary  sections.  The  function  of  each 
portion  will  be  analyzed  in  detail  in  the  following  pages. 

Each  section  represents  an  independently  tested  unit  of  the 
entire  system  forming  the  basis  for  the  overall  integrity 
of  the  TEMPRE  System. 

Frozen  Flow  Model 

The  frozen  flow  model  is  the  simplest  and  forms  the  basic 
structure  of  the  TEMPRE  System.  A fourth  order  Runge-Kutta 
numerical  integration  scheme  was  used  to  solve  the  energy  equation 
and  is  the  important  part  of  the  primary  section. 

Solutions  of  the  Energy  Equation  by  a Fourth  Order  Runge- 
Kutta  Analysis:  The  standard  form  for  the  solution  of  a second 

order  differential  equation  using  a fourth  order  Runge-Kutta 
analysis  if  shown  below  (1).  The  values  of  the  next  temperature 
and  temperature  gradient  are  given  by  equations  (A-l)  and  (A-2). 

Vl  * Tn  + h[T;  + ?<Al+A2  + A3>]  <A-» 


and 


T' 

n+1 


T' 

n 


?[Ai 


+ 2A„  + 2A„  + A 


] 


(A-2) 


Figure  A-l,  Block  Flow  Diagram  of  the  TEMPRE  System. 


READ  INPUT 
VALUES 


INITIALIZE 
C0  AND  (dT/dz)0 


(Equilibrium)  (Non-Equilibrium) 
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The  values  of  (i  = 1,2, 3, 4)  are  obtained  by  the  following 
set  of  equations: 


[' 


WC€  dk  /dT  EH 

A = h(T')|  -EJ2-  - —z (T1)  + 


k o 
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4] 


(A-3  ) 
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(A-6) 


Therefore,  to  begin  the  numerical  solution,  values  of  the 
temperature  (T  )and  the  temperature  gradient  (T^)  must  be 
specified  at  one  surface  of  the  char.  This  reduces  the 
problem  to  a second  order  initial  (or  final)  value  problem. 
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In  the  Iterative  TEMPRE  System  the  temperature  gradient  at 
the  surface  must  be  guessed  such  that  the  temperature  conditions 
at  the  back  and  front  surfaces  are  satisfied.  This  requires 
an  iterative  solution  accompanied  by  a suitable  convergence 
scheme  to  insure  effiecient  and  accurate  approaches  to  the  real 
solution.  The  Non-Iterative  TEMPRE  System  is  an  initial 
(or  final)  value  problem  and  requires  no  iterative  scheme, 
and,  therefore,  no  convergence  logic. 

Convergence  Technique:  The  convergence  technique  in  the 

TEMPRE  System  is  purposely  simple  because  of  the  rather 
complicated  problem  already  existent  with  the  numerical 
solution.  It  is  composed  of  three  main  parts.  The  first 
or  check  portion  limits  the  calculations  made  in  the  numerical 
analysis  to  values  which  are  non-zero,  non-negative  and  below 
an  arbitrary  ceiling  on  the  desired  (specified)  front  surface 
temperature.  If  either  of  the  conditions  mentioned  above  are 
violated,  the  temperature  and  gradient  are  printed  for  reference, 
the  gradient  is  adjusted  to  correct  the  situation,  and  the 
analysis  is  restarted  at  the  initial  point. 

The  second  type  of  logic  within  the  convergence  scheme  is 
a gross  correction  to  the  gradient  made  when  the  final  calculated 
temperature  is  greater  than  an  arbitrary  increment  (100°F, 
for  example)  plus  the  desired  final  temperature.  This  involves 
taking  the  ratio  of  the  actual  to  calculated  final  temperature 
and  defining  the  new  gradient  as  the  product  of  this  ratio  and 
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the  old  gradient  value. 

The  third  type  involves  a finer  convergence  scheme  and  is 
used  when  the  final  calculated  temperature  is  within  the 
arbitrary  increment  specified  (100°F)  or  when  two  or  more 
iterations  have  been  made.  This  scheme  involved  the  adjust- 
ment of  the  gradient  by  a linear  interpolation  using  the  final 
temperature  ratio  (actual  to  calculated),  the  ratio  of  the 
calculated  temperatures  for  the  last  and  next  to  last  iteration, 
and  the  ratio  of  the  gradients  (initial)  of  the  last  and  next 
to  last  iterations.  This  method  converges  in  three  to  five 
iterations  (30  seconds  computer  time)  for  frozen  flow. 

Although  there  are  many  elaborate  convergence  techniques  avail- 
able to  insure  efficient  and  accurate  approaches  to  the  desired 
condition,  no  real  incentive  beyond  the  above  simple  scheme 
was  justified  in  the  Tempre  System. 

Overall  Runge-Kutta  Stability  and  Accuracy:  A comprehensive 

investigation  into  the  stability  and  accuracy  of  the  Runge-Kutta 
analysis  is  essential  to  any  program  where  that  method  is  used 
to  give  numerical  solutions  to  differential  equations.  Beyond 
the  discussions  by  Ames  (2)  and  Collatz  (3)  regarding  the 
mathematical  development  of  the  Runge-Kutta  equations,  the  most 
important  question  which  must  be  answered  is  what  increment  size 
is  necessary  and  sufficient  to  insure  a stable,  yet  accurate 
solution.  Results  of  an  increment  study  made  in  the  Frozen 
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Flow  TEMPRE  System  for  Constant  Physical  Properties  and  Variable 
Physical  Properties  are  presented  in  Tables  A-l  and  A-2.  A 
very  large  increment  size  is  sufficient  for  the  Constant 
Physical  Properties  case;  however,  a very  critical  decision 
arises  for  the  Variable  Physical  Properties  case.  A value  of 
100  appears  to  be  the  point  above  which  no  real  accuracy  is 
gained  for  the  investment  of  computer  time.  This  value  seems 
reasonable  over  the  entire  system,  including  the  equilibrium  and 
non-equilibrium  flow,  cases. 

Frozen  Flow,  Constant  Physical  Properties  Analysis:  For 

the  case  where  gas  and  char  physical  properties  are  assumed 
independent  of  temperature,  an  analytical  solution  of  the  energy 
equation  is  obtained  (4).  This  solution  outlined  in  Table  A-3 
forms  a basis  for  testing  the  accuracy  and  reliability  of  the 
numerical  method.  Since  no  subroutines  are  required  t©  generate 
physical  property  data,  a direct  comparison  of  the  Runge-Kutta 
analysis  to  the  analytical  solution  is  obtained.  Table  A-4 
contains  the  values  of  the  temperature  for  various  dimensionless 
char  depth  values  (z/L)  for  the  analytical  solution  and  two 
numerical  solutions  (step  sizes  of  10  and  100).  Excellent 
agreement  is  noted  at  the  smaller  increment  size  as  well  as 
the  larger. 

Frozen  Flow,  Variable  Physical  Properties  Analysis:  In 

order  to  handle  the  variable  physical  properties  (with  tempe- 
rature) option,  three  subroutines  are  added  to  the  TEMPRE 


Table  A-l.  Comparison  of  Various  Runge-Kutta  Increment  Sizes  for  the  Frozen  Flow 

Constant  Physical  Properties  Model 
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Table  A-2.  Comparison  of  Various  Runge-Kutta  Increment  Sizes  for  the  Frozen  Flow 

Variable  Physical  Properties  Model 
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Table  A-3 . Analytical  Solution  of  the  Energy  Equation  (3-29)  for  Constant  Physical 

Properties 
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Table  A-4 . Comparison  of  the  Analytical  Solution  of  the  Frozen  Flow,  Constant  Physical 
Properties  Model  with  the  Runge-Kutta  Solution  for  Two  Increment  Sizes 
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System.  These  are  called  PROPT,  which  calculates  the  physical 
properties  of  the  gas  mixture,  the  overall  thermal  conductivity 
and  the  conductivity  gradient  for  specific  values  of  temperature; 
CHAR,  a curve  fitting  program  used  to  estimate  the  char 
thermal  conductivity  from  tabulated  data;  and  OMEGA,  a general 
Lagrangian  interpolation  program.  Each  will  be  discussed  in 
detail  in  the  following  paragraphs. 

In  addition  to  the  checks  made  on  each  individual  sub- 
routine, the  overall  Frozen  Flow  Variable  Physical  Properties 
Model  is  compared  with  solutions  obtained  in  MIMIC  (5),  an 
analog-digital  simulator.  These  techniques  essentially  represent 
two  distinctive  paths  to  the  same  solution  and  add  confidence 
to  the  calculations  made  in  the  system.  Table  A- 5 compares  the 
temperature  at  various  dimensionless  char  depths  for  the  various 
numerical  solutions.  Copies  of  the  MIMIC  programs  and  solutions 
are  given  in  Appendix  H, 

PROPT:  The  calculation  of  the  gas  and  char  physical  proper- 

ties are  made  in  subroutine  PROPT  with  assistance  from  OMEGA 
and  CHAR.  For  a given  temperature  supplied  from  the  main  program, 
the  heat  capacity,  thermal  conductivity  and  viscosity  of  the 
pure  gases  and  gas  mixture  are  calculated.  The  equations  used 
are  described  in  Chapter  III. 

From  subroutine  CHAR,  the  thermal  conductivity  of  the  char 
is  obtained  and  the  effective  conductivity  (Equation  3-20) 
is  calculated.  The  thermal  conductivity  gradient  is  likewise 
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calculated  in  PROPT  for  use  in  the  general  energy  equation. 
Subroutine  OMEGA  supplies  the  collision  integral  as  a function 
of  temperature  for  calculating  the  viscosity  and  conductivity 
of  the  pure  gases.  Figure  A-2  is  a comparison  of  the  calculated 
values  of  the  various  physical  properties  and  experimental 
values  reported  in  the  literature  (6,7).  Excellent  agreement 
was  found  for  a variety  of  gases  over  a wide  range  of 
temperatures . 

OMEGA : The  interpolation  of  input  and  calculated  data 

is  essential  in  the  TEMPRE  System.  In  the  frozen  flow  analysis, 
interpolation  for  the  collision  integral  as  a function  of 
temperature  is  performed  for  use  in  calculating  the  pure  gas 
viscosity  and  conductivity.  A standard  Lagrangian  interpolation 
formula  is  used.  The  degree  of  the  formula  and  the  size  of  the 
array  are  required  input  parameters.  These  may  be  varied  over 
a wide  range  of  values;  however,  the  best  combination  must  be 
determined  for  an  accurate  and  efficient  analysis. 

In  subsequent  discussions,  OMEGA  is  used  to  interpolate 
values  of  char  distance  as  well  as  mass  flux,  molecular  weight 
of  the  gas  mixture,  heat  of  reaction  and  concentration  values 
as  functions  of  temperature.  Reliable  values  are  obtained  over 
a wide  range  of  parameter  values  of  large  and  small  magnitude. 

CHAR:  This  analysis  can  be  any  general  curve  fitting 

technique  that  best  describes  the  available  thermal  conductivity 


Figure  A-2.  Comparison  of  Calculated  Physical  Property  Values  with  Experimental  Values 

in  the  Literature.  Part  (a):  Viscosity  (Centipoise  x 100) 
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Figure  A-2.  Comparison  of  Calculated  Physical  Property  Values  with  Experimental  Values 
in  the  Literature.  Part  (b) : Heat  Capacity  (Cal/gmmole-°K) 
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Figure  A-2.  Comparison  of  Calculated  Physical  Property  Values  with  Experimental  Values 
in  the  Literature.  Part  (c):  Thermal  Conductivity  (Cal/cm-sec-°K) 
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data  of  the  char  material.  In  the  present  analysis  a linear 
least  squares  fit  is  used.  Values  of  the  correlation  coeffi- 
cient  and  standard  deviation  are  0.97169  and  0.000234  (at  an 
average  value  of  0.0044)  units  respectively,  indicating  a very 
good  fit  of  the  data  (8).  A plot  of  the  available  char 
conductivity  data  vs.  temperature  (9)  is  shown  in  Figure  A-3 
with  the  corresponding  least  squares  curve. 

As  more  data  becomes  available  at  higher  temperatures  it 
is  anticipated  that  higher  order  regression  analyses  might  be 
necessary.  Such  changes  are  easily  made  by  substituting  the 
appropriate  curve  fitting  technique  as  subroutine  CHAR.  From 
the  slope  and  intercept  (and  other  pertinent  information  for  a 
multiple  regression  analysis)  the  conductivity  and  gradient 
are  obtained  for  use  in  PROPT  to  calculate  effective  conductivity 
values . 

Equilibrium  Flow  Model 

The  primary  difference  between  the  frozen  flow  and  equi- 
librium flow  models  is  the  change  in  species  concentrations  with 
temperature  in  the  later  case.  These  changes,  as  calculated 
by  a free  energy  minimization  technique  (10),  are  only  a function 
of  temperature  and  pressure  and  all  pertinent  results  can  be 
tabulated  outside  of  the  Runge-Kutta  numerical  procedure. 

In  addition  to  the  subprograms  required  in  the  frozen  flow 


Temperature  (°K) 


362 


analysis  (i.e.,  PROPT,  CHAR,  OMEGA)  three  additional  operations 
must  be  added.  MOLFRA  performs  the  free  energy  minimization 
calculations  and  tabulates  pertinent  values  to  be  transferred, 
as  needed  by  the  Runge-Kutta  analysis,  using  OMEGA.  ENTALl 
and  MATINV  are  used  to  generate  enthalpy  data  as  a function  of 
temperature  and  for  matrix  inversion,  respectively.  Once  again 
each  additional  method  will  be  discussed  individually  with 
emphasis  on  the  accuracy  and  reliability  of  the  calculations. 

MOLFRA:  The  analysis  contained  in  this  subroutine  uses 

the  free  energy  minimization  technique  to  predict  the  equili- 
brium composition  of  a reacting  gas-solid  mixture.  It  employs 
a search  technique  to  compute  the  number  of  moles  of  each  chemical 
species  required  to  give  the  minimum  free  energy  of  the  mixture. 

A detailed  description  is  presented  by  del  Valle  (11). 

To  verify  the  calculations  made  by  this  program,  several 
literature  examples  were  used  for  comparison.  Table  A-6 
indicates  the  reproducibility  and  accuracy  with  which  the  equi- 
librium model  reproduced  experimental  and  other  numerical 
solutions.  Once  again  reference  to  the  work  by  del  Valle  (11) 
is  made  for  detailed  discussions  of  the  results. 

MATINV : This  subroutine  is  a standard  method  for  finding 

the  inverse  of  a non-singular  n x n matrix.  The  IBM  Share 
Library  is  the  source  for  this  particular  program  (12).  The 
inversion  is  performed  iteratively  by  reducing  the  original 
matrix  to  an  identity  matrix  by  a series  of  row  operations. 


Table  A-6.  Comparison  of  the  Equilibrium  Composition  of  Ammonia  and  Unsymmetrical  Dimethyl 
Hydrazine  (UDNH)  - Red  Fuming  Nitric  Acid  (RFNA)  Propellant  at  10  atm.  Pressure. 
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2.5780  2.5780 
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The  method  is  then  repeated  with  the  resulting  identity  matrix. 

ENTAL1:  The  enthalpies  of  the  various  species  as  a function 

of  temperature  are  calculated  in  subroutine  ENTAL1 . It  is  called 
by  MOLFRA  and  KINET  after  the  species  compositions  are  calculated. 
Values  of  the  enthalpy  are  calculated  at  a reference  temperature 
of  298°K  and  modified  by  the  heat  capacity  term  as  is  usually  done. 

Non- Equilibrium  Flow  Model 

Like  the  equilibrium  flow  model,  the  concentrations  and  heats 
of  reaction  vary  with  the  temperature.  However,  in  the  non-equili- 
brium flow  model,  changes  in  the  mole  flux  with  temperature  must  be 
calculated  as  part  of  the  Runge-Kutta  analysis.  That  is,  for  each 
temperature  generated  in  the  Runge-Kutta  analysis,  a corresponding 
set  of  concentrations,  heats  of  reaction,  etc.  must  be  calculated. 

Because  of  the  added  complexity,  a Runge-Kutta  stability 
analysis,  identical  to  those  methods  described  for  the  frozen  flow 
models,  was  made.  The  results  shown  in  Table  A-7  for  step  sizes  of 
100,  200,  400,  1000  show  slightly  higher  differences  in  the  various 
temperature  profiles  as  compared  with  the  frozen  flow  results  in 
Tables  A-l  and  A-2.  However,  the  results  are  within  the  convergence 
tolerance  of  1%  and  the  solution  for  100  steps  is  valid.  Over  the 
temperature  range  from  500°  to  3000°F,  there  is  no  incentive  in  a 
smaller  increment  for  the  added  investment  in  computer  time. 

The  substitution  of  KINET  for  MOLFRA  and  INOUT  for  MATINV 
completes  the  necessary  transformations  required  to  make  the  non- 
equilibrium flow  calculatioms . KINET  functions  as  MOLFRA,  but  uses 
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a kinetic  analysis  instead  of  the  equilibrium  treatment  for  calculat- 
ing the  mole  flux  of  each  species.  All  pertinent  kinetic  data  are 
entered  through  INOUT,  a general  input-output  routine.  A detailed 
discussion  follows  on  each  new  addition  to  the  TEMPRE  system. 

KINET:  This  program  uses  the  kinetic  data  read  into  the  system 

in  INOUT  for  calculating  the  change  in  the  species  mole  fluxes  as  a 
function  of  temperature.  The  new  mole  flux  values  are  then  used  to 
calculate  the  heat  of  reaction,  which  for  endothermic  reactions, 
result  in  energy  absorption. 

This  absorption  is  accounted  for  in  the  energy  equation  which  solves 
for  the  next  temperature  based  on  the  change  in  composition  and  heat 
of  reaction  values  calculated.  The  interdependence  between  the  mole 
flux  and  temperature  requires  a simultaneous  solution  of  the  differ- 
ential energy  and  species  continuity  equations.  KINET  integrates  the 
species  continuity  equation  using  a fourth  order  Runge-Kutta  method. 

INOUT:  This  subroutine  contains  the  kinetic  data  needed  to  in- 

tegrate the  species  continuity  equation.  The  specific  reactions, 
activation  energies,  frequency  factors  and  stoichiometric  coefficients 
are  typical  data  read.  The  system  is  designed  to  handle  any  number 
of  chemical  reactions  and  chemical  species. 

In  summary,  the  discussion  thus  far  has  been  concerned  with  the 
development  of  a general  computational  system  for  analysing  the  energy 
transfer  associated  with  the  flow  of  pyrolysis  gases  through  the  char 
zone  for  frozen,  equilibrium  and  non-equilibrium  conditions.  In  addi- 
tion to  the  solutions  of  the  energy  equation  which  results  in  a temp- 
erature distribution,  the  pressure  distribution  and  surface  heat  flux 
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are  needed  to  further  describe  the  phenomena  taking  place  within 
the  char  layer.  This  is  the  topic  of  the  following  sections. 

Calculation  of  the  Pressure  Distribution  and  Surface  Heat  Flux 

The  pressure  distribution  across  the  char  zone,  and,  the 
front  surface  heat  flux  are  calculated  by  a Simpson's  Rule  inte- 
gration of  the  differential  momentum  and  heat  flux  equations, 
(3-12)  and  (3-23),  Because  these  equations  are  uncoupled  from 
the  energy  equation,  their  solutions  are  calculated  after  a 
valid  temperature  distribution  has  been  obtained.  Therefore, 
the  integration  method  is  the  same  in  the  iterative  and  non- 
iterative calculations.  Interpolation  using  subprogram  OMEGA 
of  both  char  distance  and  collision  integral  as  a function 
of  the  temperature  distribution  across  the  char  is  required. 
These  operations  allow  the  calculation  of  the  gas  mixture 
viscosity  as  a function  of  char  distance.  In  addition  the 
stored  reaction  rate  and  heat  capacity  data  needed  in  the  heat 
flux  calculation  are  also  interpolated  for  using  OMEGA. 

At  the  end  of  these  calculations,  all  pertinent  input  and 
output  information  are  printed  for  comparison  with  experimental 
or  other  analytical  data. 

Simpson' s Rule  Integration:  As  discussed  in  Chapter  III, 

the  Simpson's  Rule  formula  is  used  to  integrate  the  specific 
terms  in  the  momentum  and  heat  flux  equations,  As  in  the  case 
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of  the  Runge-Kutta  analysis,  a stepsize  must  be  selected  to 
produce  an  accurate,  yet  efficient,  solution  to  the  true  solution. 
Table  A-8  compares  the  solution  of  the  momentum  equation  for 
various  interval  sizes.  As  noted,  the  solution  becomes  stable 
for  a stepsize  of  twenty.  A similar  comparison  for  the  heat 
flux  calculation  likewise  indicated  twenty  units  as  a valid 
stepsize  to  insure  accuracy.  In  the  case  of  the  pressure 
distribution,  the  solution  for  one  case  was  compared  with  a 
graphical  integration  using  a desk  calculator  and  very  good 
agreement  was  obtained. 

Summary 

This  appendix  introduced  the  TEMPRE  System  and  discussed 
the  various  functions  of  each  subprogram  used  in  the  analysis. 
More  importantly,  however,  was  the  factual  information  presented 
which  insured  the  calculations  to  be  accurate,  efficient  and 
functioning  as  expected.  This  formed  the  basic  proof  of  the 
integrity  of  the  TEMPRE  System, 

In  Appendix  B a complete  listing  of  the  TEMPRE  System  will 
be  presented  with  instructions  regarding  the  use  and  interpre- 
tation of  the  input  and  output  specifications.  Specific 
examples  will  be  illustrated  for  calculation  of  the  temperature, 
pressure  and  concentration  profiles  within  the  char  zone,  the 
surface  heat  flux  and  change  in  mass  flux  for  frozen,  equilibrium 
and  non-equilibrium  flow  of  pyrolysis  gases. 
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B . ITERATIVE  AND  NON-ITERATIVE  TEMPRE  SYSTEMS 


As  discussed  in  Appendix  A,  the  TEMPRE  System  is  comprised  of  two 
main  programs  and  eight  subprograms.  The  iterative  main  program  is 
for  the  analysis  of  a two  point  boundary  value  problem  requiring  an 
iterative  solution  technique,  and  the  non-iterative  main  program  is 
for  an  initial  (or  final)  value  problem  which  is  non-repetitive  in 
nature. 

These  two  distinctive  main  programs  are  called  "IT"  and  "NONIT" 
for  obvious  reasons,  The  complete  analysis  is  thus  generalized  with 
the  exception  of  the  main  programs  which  must  be  interchanged  for  a 
specific  application.  Figure  B-l  graphically  illustrates  the  com- 
plete TEMPRE  System.  The  remaining  sections  of  this  appendix  include 
a complete  listing  of  the  TEMPRE  System  with  typical  input  and  output 
formats  for  using  and  interpreting  the  system.  The  following  outline 
will  help  locate  the  particular  programs  in  the  system. 


Listing  B-l 
Listing  B-2 
Listing  B-3 


Listing  B-4 
Listing  B-5 


Iterative  TEMPRE  (Main)  Program 

Non-Iterative  TEMPRE  (Main)  Program 

TEMPRE  Subprograms 

a - PROPT  (Physical  Properties) 
b - OMEGA  (Interpolation) 
c - CHAR  (Char  Thermal  Conductivity) 
d - MOLFRA  (Free  Energy  Minimization) 
e - MATINV  (Matrix  Inversion) 
f - ENTAL1  (Enthalpy  of  Gas  Mixtures) 
g - KINET  (Chemical  Reaction  Rates) 
h - INOUT  (Kinetic  Data) 

Input  Format 

Output  Format 
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Figure  B-l.  TEMPRE  System  for  Calculating  the  Energy 
Transfer  in  the  Char  Zone  of  a Charring  Ablator, 
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C.  PHYSICAL  AND  THERMODYNAMIC  PROPERTIES 


This  appendix  contains  a series  of  tables,  figures  and  charts 
relating  physical  and  thermodynamic  data  necessary  for  the  calcula- 
tions in  the  TEMPRE  system.  In  all  cases,  the  information  presented 
represents  abstracted  data  applicable  to  this  research.  References 
to  the  original  and  more  complete  sources  of  information  are  pro- 
vided. The  following  outline  will  be  helpful  in  locating  the  parti- 
cular data  contained  in  this  appendix. 


Table  C-l.  Empirical  Constants  for  Calculating  the  Heat 
Capacity  of  Elements  to  1000°K. 

Table  C-2.  Empirical  Constants  for  Calculating  the  Heat 
Capacity  of  Elements  Above  1000°K. 

Table  C-3.  Empirical  Constants  for  Calculating  the  Heat 

Capacity  and  Free  Energy  of  Compounds  to  1000°K. 

Table  C-4.  Empirical  Constants  for  Calculating  the  Heat 
Capacity  and  Free  Energy  of  Compounds  Above 
1000°K. 

Table  C-5.  Lennard-Jones  Potentials  and  Enthalpy  of 
Formation  of  Compounds, 

Table  C-6.  Values  of  the  Collision  Integral  Used  to 

Calculate  the  Pure  Component  Viscosity  and 
Thermal  Conductivity. 

Figure  C-l.  Cornell-Katz  Plot  for  a Low  Density  Nylon- 
Phenolic  Resin  Char. 

Figure  C-2  Char  Thermal  Conductivity  as  a Function  of 
Temperature. 
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Table  C-l.  Empirical  Constants  for  Calculating 
the  Heat  Capacity  of  Elements  to  1000°K 
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Table  C-2.  Empirical  Constants  for  Calculating 
the  Heat  Capacity  of  Elements  Above  1000° K 
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Table  C-3.  Empirical  Constants  for  Heat  Capacity 
and  Free  Energy  Calculation  to  1000°K. 

Cp./R  = a + b(T)  + c (T2)  + d(T3)  + e(T4) 
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Table  C-4.  Empirical  Constants  for  Heat  Capacity 
and  Free  Energy  Calculation  Above  1000°K. 
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Table  C-6.  Values  of  the  Collision  Integral 
Based  on  Lennard-Jones  Potential  for  Calculating 
Pure  Component  Conductivity  and  Viscosity 
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Thermal  Conductivity  of  a High  and  a Low  Density  Nylon- 
Phenolic  Resin  Char. 


470 


Temperature  (°K) 


D.  SUMMARY  OF  EXPERIMENTAL  AND  ANALYTICAL  RESULTS 


This  appendix  contains  a detailed  summary  of  the  experi- 
mental and  analytical  results  determined  in  this  research.  The 
Char  Zone  Thermal  Environment  Simulator  exit  gas  composition 
data  listed  in  Tables  D-2  through  D-ll  should  be  used  in 
conjunction  with  Table  D-l,  a complete  summary  of  the  experiment 
conditions  with  comments  on  the  overall  behavior  of  the  system 
for  each  case  studied. 

The  following  list  of  Tables  will  be  helpful  in  locating 
the  specific  information  contained  in  this  section. 

D-l  Summary  of  Test  Data  for  Simulated  Pyrolysis  Gas 

Flow  Through  Porous  Chars  and  Graphite  in  the  Char 
Zone  Thermal  Environment  Simulator 

D-2  Flow  of  Simulated  Pyrolysis  Products  Through  Low 

Density  Nylon-Phenol  Resin  Chars.  Comparison  of  the 
Experimental  Exit  Gas  Composition  (Mole  Percent)  with 
the  Frozen,  Equilibrium  and  Non-Equilibrium  Flow  Models 

D-3  Flow  of  Simulated  Pyrolysis  Products  Through  Graphite 
Specimens.  Comparison  of  the  Exit  Gas  Composition 
(Mole  Percent)  with  the  Frozen  Equilibrium  and  Non- 
Equilibrium  Flow  Models 

D-4  Flow  of  Simulated  Pyrolysis  Products  Through  Graphite 
Specimens  in  the  Presence  of  Heterogeneous  Catalysts 
Coated  on  the  Specimen  Surface 

D-5  Flow  of  Simulated  Pyrolysis  Products  Through 

Graphite  Specimens  in  the  Presence  of  Homogeneous 
Catalysts  Contained  in  the  Inlet  Stream 

D-6  Air  Oxidation  of  Porous  Graphite  Specimens  Between 
1485° F and  2047°F 

D-7-H 

Summary  of  Radioactive  Tracer  Analyses  of  the  Various  Exit 
Product  Streams  Leaving  the  Char  Zone  Thermal  Environment 
Simulator 
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Table  D-l.  Summary  of  Test  Data  (Continued) 
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From  the  Char  Zone  Thermal  Environment  Simulator. 
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Table  D-ll.  Summary  of  Radioactive  Tracer  Analyses  of  the  Exit  Product  Streams 
From  the  Char  Zone  Thermal  Environment  Simulator. 


502 


O O O Oh  rH  f>N. 

O 00  o CM  Oh  VO 

O CN  o 00  CO  Oh 

LO  CM  Oh  CO 

<f-  in  H H 

vO  vD  Oh 


00 

CO 


r-. 

CM 


B 
a* 
o / 


o 


to  -d 

o 

Oh 

CO 

vO 

o 

Oh 

CM 

•H 

b£ 

• 

• 

• 

• 

• 

• 

• 

G 

•rH 

oo 

m 

CM 

CM 

CM 

rH 

CM 

Is 

G 

rH 

rH 

rH 

rH 

II  II 

4-J 

VO 

vO 

o 

o 

o 

rH 

• • 

■d 

r^. 

oo 

CM 

m 

Oh 

CO 

rH 

W 

M 

co 

in 

m 

*4* 

CM 

•rH 

•rH 

o 

o 

rH 

rH 

1 — 1 

rH 

m 

co 

G 

• 

• 

• 

• 

• 

• 

>, 

& 

o 

o 

o 

o 

o 

o 

o 

i — i 

cd 

/'— N /"“S 

P 

G 

<U  >, 

<J 

O 

O 4-J 

•r4 

rH 

CM 

CO 

m 

vO 

P *rH 

d 

rH 

<U  > 

cd 

C/D 

M ft 

G 4-J 

U 

w 

G 


l — I . p-l 


a 

o 


o 

d 

I-£ 

ft 

I'd 

OJ 
1 — I 
G 

'■s 


O CO 
Eh 

w vO 

B 

a)  w 

4J  G 
CO  i—l 
to  04 
CO  £ 

ctf 

O CO 


I 


>1  to 

4-J  4-J 
•rH  *H 
> > 
•rH  *rH 
4-J  4-J 
O O 
cd  cd 
o o 

•iH  *iH 
X)  X) 

d cd 
Pi  Pi 


X) 
ft 
3 
cr  tu 

'I  ^ 

ftl  4-> 

d d 

•rl  ‘rl 

to 

4J  4-J 
*rl  •rl 
> > 
•rl  ‘rl 
4J  4J 
O O 

cd  cd 
o o 

•rH  •rH 

XI  XI 
d d 
Pi  Pi 


ft  o 
ft  <3 
•H 

XI  to 
d 

>■,  c 
.n  \ 
>, 
4J 

S t4 
ft  > 
O ft 
4-1 
- O 
w id 
d o 
O *H 
XI 
•M  td 
d Pi 

> ft 

d 

0)  4-1 

,d  o 

4-1  H 
v-/ 

P 

•H  M 
O 
4J 
4-j  a 
•rH  cd 

> pH 

•rH 

4J  a 
o o 
cd  ‘H 

O 4-J 
d 


X rH 
Cd  *rH 
Pi  Q 


S ^ 
00  s-s 

03 

tO  H 
n 4-1 
<N  ft 
• > 
rH  «rH 
4-J 

11  s 


jn  x) 

O cd 

4H 

o 

+J 

Jd  4-J 


CM 

00 

co 

VO 

co 

rH 

o 

m 

vO 

Oh 

rH 

CM 

00 

vo 

o 

oo 

rH 

rH 

rH 

o 

rH 

* 

O 

m 

CM 

CM 

CO 

00 

o 

in 

i — i 

vo 

m 

CM 

in 

00 

oo 

Oh 

CM 

o 

i — 1 

rH 

CM 

o 

CM 

00 

CO 

m 

VO 

CM 

00 

rH 

n- 

CO 

CM 

CM 

rH 

rH 

Oh 

o 

o 


vO 

CO 

CM 


•iH 

> 

•H 

4J 

O 

cd 

o 

•H 

X) 

cd 

04 


•rH 

> 

•rH 


inNOOO^CMlDNNCMCOHCOCMHst-OM 

i-HOOvOOhuOCMOt-HCOi— IO  OH  CM 
rH  CM 


O 

O 


O E] 

cd  o 


04 


VO  CMCMOhCOCMCONCO  CO  o rH  1 — I CO  rH  CM 
inNcOsfOHONsj-vtMcOCMM-Ohinm 

VO  1-H  CM  rH  i-H  rH  i— I 


o 

00 

00 


S 


O Pi 


m in 

p|cn<|-<tininiorvoovoftNoo<fin 


Sample  Spilled. 


E.  INTEGRITY  OF  THE  ANALYTICAL  METHODS 


The  accuracy  and  integrity  of  the  analytical  methods  used  in 
this  research  were  determined  by  calculating  the  standard  devia- 
tion from  a mean  value  at  a 95%  confidence  limit.  This  technique 
was  used  for  analyses  by  chromatographic  and  liquid  scintillation 
spectrometric  methods  on  replicate  samples.  From  these  measure- 
ments an  average  was  calculated  by  equation  (E-l). 


N 

X = .S.x./N 
1=1  1 


(E-l) 


From  these  averages  the  variance,  s , of  any  measured  value,  x., 

x x 

from  the  average  value,  x,  can  be  calculated. 


2 

s 

x 


(X 


N - 


(E-2) 


The  standard  deviation  was  calculated  by  applying  the  t test  at  the 
95%  confidence  limit  for  the  stated  degrees  of  freedom  (N  - 1). 


std.dev.  = (s2)1/2/t  % 

95%,N-1  X 95%,Nt1; 


(E-3) 


Therefore,  the  measured  quantities  were  expected  to  be  x * 


(s2)l/2t. 

x 
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Obviously,  the  lower  the  range  about  x the  more  accurate  the  method 
for  determining  x^. 

For  the  cases  where  analytical  measurement  of  values  varied 
over  a wide  range,  a weighted  variance  based  on  the  number  of 
degrees  of  freedom  in  each  subgroup  was  calculated. 


(4>net 


(N1-l)(sJ)1  + (N2-l)(sJp2  + ...  + (N.-D(s^). 


(N1-l)  + (N2-l)  + . . . + (N  -1) 


(E-4) 


The  standard  deviation  was  calculated  as  before  (equation  E-3) . 

The  following  pages  present  typical  data  and  results  of  this  method 
for  determining  the  integrity  of  the  analytical  procedures  used. 


Determination  of  the  Accuracy  of  the  Gas  Chromatographic  Analyses 
The  gaseous  portion  of  the  exit  stream  from  the  Char  Zone 
Thermal  Environment  Simulator  was  sampled  in  one  hundred  cubic 
centimeter  containers  and  analysed  by  gas  chromatography.  The 
particular  gases  contained  in  the  samples  were  methane,  carbon 
monoxide,  carbon  dioxide,  ethylene,  acetylene  and  nitrogen  in 
varying  quantities.  In  order  to  determine  the  accuracy  of  the 
analytical  method,  the  data  in  Table  E-l  were  obtained.  The 
variance  in  each  subgroup  was  calculated  in  Table  E-2  and  the 
standard  deviation  at  9570  for  each  gas  species  in  the  system 
and  the  overall  or  net  standard  deviation  were  calculated  in 
Table  E-3.  The  range  for  these  analyses  was  * 0.97%  (net). 


Table  E-l.  Measured  Compositions  of  the  Gas  Species  in  the 
Feed  Stream  to  the  Char  Zone  Thermal  Environment  Simulator 


Stream 

Identification 


Composition,  x.  (Mole  °L) 


H„ 


Feed  Mix  4 


CO 

CH, 

4 

co2 

4.5 

42.0 

5.7 

4.9 

40.7 

6.3 

3.6 

40.9 

5.3 

13.0 

123.6 

17.3 

4.33 

41.20 

5.43 

63.9  33.8 

15.97  8.45 

3 3 


14.0 

14.0 

13.6 
14.0 

13.7 
14.6 
14.6 
13.5 
13.95 


.7.3  110.3 

5.43  36.77 

2 2 


6.8  36.5 
6.78  37.5 
6.75  36.5 


110.5 

36.83 

2 


132.55 

66.275 

1 


Table  E-2.  Calculation  of  the  Variances  for  Each  of  the 
Gas  Species  Listed  in  Table  E-l. 


Stream 

Square  of 

the  Differences 

(x  - x.)2 

Identification 

N2 

CO 

CH. 

4 

C°2 

H2 

0.8704 

0,0289 

0.6400 

0.0044 

0.9409 

0.0176 

0.3249 

0.2500 

0.2180 

0.8649 

Feed  Mix  1 

1.1384 

0.5329 

0.0900 

0.2840 

0.0009 

E 

2.0264 

0.8867 

0.9800 

0.5064 

1.8067 

s^ 

X 

1.0132 

0.4434 

0.4900 

0.2532 

0.9034 

0.0306 

0.0225 

0,3906 

0.0005 

0.0900 

0,0156 

0.0625 

0.1406 

0.0001 

0.4900 

Feed  Mix  2 

0.0006 

0.1225 

0.0156 

0.0007 

0.0900 

0,0006 

0.0025 

0.1406 

E 

0.0474 

0.2100 

0.6874 

0.0013 

0.6700 

s2 

X 

0.0158 

0.0700 

0.2291 

0.0007 

0.3350 

0.0001 

0.0002 

0.2304 

0.0707 

0.0484 

0.0001 

0.0010 

0.3844 

0.0179 

0.0484 

0.1552 

0.0002 

0.2304 

0.0547 

0.0484 

Feed  Mix  3 

0.0001 

0.0176 

0.2304 

0.0707 

0.7784 

0.0864 

0.0010 

0.4624 

0.0179 

0.0484 

0.3672 

0.7516 

0.1764 

0.0707 

0.1764 

0 . 2440 

0.2840 

1.0404 

0.0707 

0.0484 

0.3672 

0.1874 

0,1115 

0.5624 

0.0019 

0.2180 

0.0001 

0.0547 

1.2222 

1.4610 

2.5748 

0.5396 

1.7552 

z 

s 

X 

0.1527 

0.1826 

0.4591 

0.0599 

0.2507 

0.0000 

0.0000 

0.0025 

0.0006 

Feed  Mix  4 

- 

0.0000 

0.0000 

0.0025 

0.0006 

E 

- 

0.0000 

0.0000 

0.0050 

0.0012 

s2 

X 

0.0000 

0.0000 

0.0050 

0.0012 
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Combined  Accuracy  of  the  Sampling  and  Analytical  Methods  for  the 
Gas  Phase 

The  accuracy  of  the  sampling  plus  analytical  technique  was 
determined  by  taking  replicate  samples  of  the  exit  gas  stream  from 
the  Char  Zone  Thermal  Environment  Simulator.  These  samples  were 
analysed  for  each  gas  species  (methane,  hydrogen,  carbon  monoxide, 
carbon  dioxide,  ethylene  and  acetylene)  with  tabulation  of  the 
average  compositions,  variances  and  standard  deviations  in  Tables 
E-4  and  E-5.  Comparison  of  the  overall  standard  deviation  for 
sampling  plus  analytical  technique  with  the  value  for  analytical 
technique  only,  indicated  the  reproducible  nature  of  the  sampling 
system.  These  values  are  0.97%  for  the  analytical  standard  devia- 
tion and  1.03%  for  the  sampling  plus  analytical  standard  deviation. 
All  of  the  data  in  Table  E-4  were  compiled  for  a simulated  pyrolysis 
gas  composition  described  by  Feed  Mix  4 (or  5)  in  Table  4-3. 

Accuracy  of  the  Liquid  Analysis  for  Phenol  in  Aqueous  Solutions 

The  standard  deviation  of  the  liquid  analysis  over  a range 
of  phenol  compositions  from  2 to  70%  (by  weight)  was  t 0.71%. 

This  compares  well  with  the  results  reported  in  ASTM  Bulletin 
D 2145  which  was  + 0.5%  for  concentrations  near  8570  (by  weight). 

The  variance  and  standard  deviation  calculations  for  this  analysis 
are  presented  in  Table  E-6. 
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Table  E-4.  Measured  Compositions  of  Replicate  Exit  Gas  Samples 
From  the  Char  Zone  Thermal  Environment  Simulator. 


Table  E-4.  Measured  Compositions  of  Replicate  Exit  Gas  Samples 
From  the  Char  Zone  Thermal  Environment  Simulator  (Continued). 


Sample 

Identification 


Experiment 

XXIII 

Samples  5,  9 
and  10 


H2 

CH. 

4 

54.6 

13.5 

54.1 

12.5 

53.7 

11.9 

Ex  162.4 

37.9 

x 54.13 

12.63 

N-l  2 

2 

Composition,  x^  (Mole  %) 


CO  COr 


Table  E-5.  Calculation  of  the  Net  Variance,  Standard  Deviation 
for  Each  Group  of  Samples  and  the  Overall  Standard  Deviation. 


<4>net 


^■Sx^net 


95%,  d.f. 


(t95%,d.f .)(Sx) 


H2 

CH. 

4 

6.092 

4.146 

11 

11 

0.55 

0.37 

0.74 

0.61 

2.201 

2.201 

1.64 

1.34 

54-71 

12-20 

0.23 

0.13 

0.007 

0.006 

0.48 

0.36 

0.084 

0.077 

2.365 

2.262 

2.365 

2.365 

1.14 

0.82 

0.20 

0.18 

Table  E-6.  Variances  and  Standard  Deviation  for  the  Analysis  of  Phenol  in  Water. 
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Accuracy  of  the  Liquid  Scintillation  Counting  Analyses 

The  accuracy  of  the  radioactive  analyses  were  determined  in  the 
same  way  as  the  gas  chromatographic  analyses.  Replicate  samples  of 
the  effluent  stream  from  the  gas  chromatograph  were  collected  as 
carbon  dioxide  after  first  passing  through  a combustion  furnace.  In 
general  the  radioactive  level  of  the  gas  samples  were  very  low  be- 
cause of  the  large  dilution  factor  associated  with  the  Char  Zone 
Thermal  Environment  Simulator.  Typical  values  for  samples  collected 
at  one  minute  intervals  are  presented  in  Table  E-7.  The  varying 
radioactive  concentrations  correspond  to  the  location  where  a de- 
composition product  separated  in  the  gas  chromatograph.  By  com- 
paring the  chromatogram  with  a plot  of  the  radioactive  concentra- 
tions (vs.  time),  the  identification  of  the  important  products 
of  decomposition  of  a particular  radioactive  labeled  pyrolysis 
gas  can  be  made. 

The  standard  deviation  of  the  reported  values  are  listed  in 
Table  E-8.  Very  good  agreement  was  obtained  with  the  value  of 
the  deviation  estimated  by  equation  (4-4).  These  values  were 
+ 1.03  cpm  calculated  by  the  usual  procedure  and  "t  0.90  cpm 
estimated  for  an  average  count  of  2070  and  an  average  radio- 
active level  of  40.9  cpm  over  the  samples  listed  in  Table  E-7. 

The  standard  deviation  and  percent  error  of  the  liquid  and 
solid  samples  were  estimated  by  equation  (4-4)  for  counting  levels 


exc  eed ing  10000 . 


Gas  Chromatographic  System. 


L3 


o 

o 

in 

in 

m 

m 

00 

Oh 

<fr 

<t 

CO 

pH 

rH 

i — i 

i — i 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

O 

m 

O 

o 

o 

O 

LO 

o 

m 

rH 

m 

in 

• 

• 

• 

* 

• 

* 

CM 

Oh 

CM 

Oh 

pH 

rH 

vO 

m 

vO 

m 

vO 

VO 

O 

U~) 

o 

in 

o 

O 

CO 

i — i 

co 

o 

Oh 

Oh 

• 

• 

• 

• 

p 

• 

00 

Oh 

CO 

ON 

r*- 

CM 

CM 

CM 

CM 

CM 

CM 

«H 

o 

<t 

m 

O 

O 

CM 

vO 

CM 

vo 

Oh 

Oh 

e 

» 

• 

• 

« 

0 

r— 1 

i— 1 

pH 

pH 

o 

o 

CM 

CM 

CM 

CM 

CM 

CM 

Oh 

m 

o 

in 

O 

o 

O 

tH 

VO 

m 

Mt 

• 

• 

* 

• 

• 

• 

CO 

CO 

CO 

CO 

CO 

CO 

CM 

CO 

O 

m 

o 

o 

CO 

CO 

m 

in 

i—l 

CO 

• 

• 

• 

• 

• 

* 

<}* 

o 

o 

CM 

CM 

Oh 

Oh 

Oh 

Oh 

Oh 

Oh 

CO 

00 

m 

o 

o 

in 

in 

m 

vO 

00 

o 

o 

• 

• 

• 

• 

• 

• 

r- 

m 

m 

VO 

VO 

Oh 

Oh 

Oh 

Oh 

Oh 

ON 

00 

o 

m 

m 

o 

o 

o 

CM 

i — i 

CM 

co 

• 

• 

• 

• 

• 

• 

1 — 1 

rH 

CM 

CM 

o 

o 

CM 

CM 

CM 

CM 

CM 

CM 

o 

O 

O 

m 

m 

m 

m 

m 

m 

• 

• 

• 

• 

• 

• 

Oh 

Oh 

i — i 

i — i 

o 

o 

rH 

i — i 

CM 

CM 

CM 

CM 

o 

i — i 

o 

m 

o 

o 

oo 

CO 

Oh 

vO 

vO 

CM 

CM 

o 

o 

CO 

CO 

CM 

CM 

CM 

CM 

CM 

CM 

O 

m 

Oh 

m 

• 

« 

i — 1 

CM 

rH 

<t 

o 

O 

i — i 

• 

« 

rH 

oo 

VO 

1 — 1 

CO 

o 

1 — 1 

• 

• 

00 

r- 

CM 

i — i 

m 

Oh 

CM 

m 

i — 1 

r- 

CM 

i — i 

00 

CM 

o 

00 

* 

• 

1—1 

CO 

1 

rH 

1 

£ 5 

I 

CM 

Oh 

rH 

o 

rH 

rH 

<1* 

• 

• 

vO 

Oh 

Oh 

pH 

r- 

o 

rH 

CO 

• 

• 

rH 

r- 

CM 

i — i 

Oh 

m 

O 

• 

• 

o 

00 

CM 

1 . 

rH 

1 

H H >rH  m 


samples  discussed  in  Chapter  V are  several  orders  of  magnitn 


F.  ISOTHERMAL  FLOW  ANALYSIS  (1) 


There  is  a sizeable  number  of  possible  reactions  that  can 
occur  in  the  char  layer  as  was  discussed  in  Chapter  III.  To 
attempt  to  include  all  of  these  reactions  in  the  solution  of  the 
energy  equation  to  predict  the  energy  absorbed  within  the  char 
for  non-equilibrium  flow  would  be  very  difficult.  Consequently 
it  was  necessary  to  devise  a screening  procedure  to  eliminate 
from  consideration  the  reactions  that  were  not  important  in  the 
temperature  range  of  current  interest  (500°F  to  3000°F).  The 
following  reasoning  was  applied. 

The  rate  of  reaction  increases  with  temperature.  For  a 
particular  reaction,  if  a significant  conversion  of  reactants 
to  products  was  obtained  with  the  char  at  a uniform  and  high 
temperature,  then  it  was  assumed  that  there  could  be  a significant 
conversion  when  the  char  was  subjected  to  a temperature  gradient 
between  500°F  and  3000°F.  Thus  these  reactions  should  be  con- 
sidered in  any  analysis  of  the  char  zone. 

Conversely  if  there  was  essentially  no  conversion  at  a high 
temperature  (3000° F)  for  the  char  at  this  uniform  temperature, 
there  would  be  no  conversion  for  a temperature  gradient  with 
3000° F the  maximum  temperature.  Thus  these  reactions  were 
eliminated  from  consideration.  Correspondingly  if  there  is 
complete  conversion  within  the  char  at  a low  temperature, 
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there  would  be  complete  conversion  for  the  case  of  a temperature 
gradient.  Thus  this  kind  of  reaction  would  also  be  eliminated 
from  the  analysis,  although  the  products  of  such  a reaction  may 
indeed  be  present  as  important  species  in  the  pyrolysis  products 
entering  the  char  at  500° F. 

To  determine  the  important  chemical  reactions  in  the  temper- 
ature range  from  500°F  to  3000°F,  the  conversion  of  an  equal  molal 
mixture  of  the  reactants  flowing  in  the  char  was  determined  using 

the  kinetic  data  reported  in  reference  (2)  for  each  reaction.  The 

o 

mass  flux  rates  used  for  the  reactants  were  0.01  and  0.05  lb/ft  -sec 

and  the  char  was  0.25  inches  thick  with  a porosity  of  0.8.  These 

results  are  presented  in  Tables  F-l  through  F-4  for  the  temperature 

2 

range  considered  at  500°F  intervals  and  a mass  flux  of  0.01  lb/ft  - 
sec.  The  lower  mass  flux  rate  gave  a longer  residence  time  of  the 
species  in  the  char  layer,  and  consequently  a higher  conversion. 
However,  in  comparing  the  conversions  there  was  only  a relatively 
small  decrease  in  conversion  due  to  the  five-fold  increase  in  the 
mass  flux  rate. 

In  Figure  F-l  the  conversion  for  two  reactions  are  presented  as 
a function  of  temperature.  These  are  the  thermal  decomposition  of 
ethylene  and  acetylene.  It  can  be  concluded  by  examining  this  figure 
that  there  would  be  no  conversion  of  ethylene  within  the  char  for 
temperatures  less  than  1000° F and  no  conversion  of  acetylene  for 
temperatures  less  than  2000° F.  However  the  thermal  cracking  of 
ethylene  would  be  important  for  temperatures  above  1000° F and  for 
acetylene  above  2000° F. 


Conversion 


Figure  F-l.  Conversion  of  Pure  Ethylene  and  Pure 
Acetylene  at  Isothermal  Conditions  (500°F-3000°F) . 
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To  make  the  discussion  quantitative,  the  conversion  of  a 
reactant  is  defined  as  the  ratio  of  the  amount  consumed  by  reaction 
to  the  amount  initially  present.  To  determine  the  conversion  of  a 
chemical  reaction  of  the  form: 

aA  + bB  + cC  = nN  + oO  + pP  (F-l) 

a material  balance  is  made  on  component  j flowing  through  a 
volumetric  section  of  the  char  having  a cross  sectional  area,  A, 
and  a width,  A z,  as  shown  in  Figure  F-2.  If  is  the  molal  flux 
of  component  j at  z,  the  material  balance  on  component  j for  steady 
flow  in  the  z direction  is: 


(N.FU.A)  + R .1L.  .A  Az  - (N,M,,A)  , A =0 

J VJ  z J VJ  J wj  z +Az 

(F-2) 

where  is  the  rate  of  formation  of  component  j by  chemical  reaction. 
Rearranging  the  above  equation  and  taking  the  limit  as  z approaches 
zero  gives : 


dz 


(F-3) 


The  fractional  conversion  X^  of  component  j is  defined  as: 


X. 

J 


(F-4) 


where  Njq  is  the  molal  flux  of  component  j entering  the  char  zone. 
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Differentiating  the  above  equation  with  respect  to  z gives: 


dX. 

N.  (-r1)  = 

Jo  dz 


dN. 

dz 


(F-5) 


The  continunity  equation  in  terms  of  the  volumetric  flow  rate,  Q, 
of  a gas  entering  the  char  is: 


0 - vAf 


(F-6) 


Equation  (F-3)  using  equations  (F-5)  and  (F-6)  becomes; 


M, 


Wq 


dX4 

)(^T> 

J 


(F-7) 


This  equation  can  be  integrated  from  the  back  surface  of  the  char 

where  X.  and  z are  zero  to  the  front  surface  where  X.  = X.  (z=L) 
J J J L 

and  the  result  is: 


^o 


AL 

Q 


V 

Q 


= st 


(F-8) 


where  St  is  the  average  residence  time  or  space  time;  i.e.,  the 
average  time  a molecule  stays  within  the  char. 

The  reaction  rate,  Rj,  for  component  A of  reaction  (F-l)  is: 


(-k£  [CA  CB  °c]  + kr  [CS  C0  C?])  “ 


(F-9) 
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Equation  (F-9)  is  needed  in  order  to  perform  the  indicated  integra- 
tion in  equation  (F-8).  A trial  an  error  solution  of  the  above  in- 
tegral equation  is  necessary  to  determine  the  final  conversion,  X.T , 

J i-J 

since  the  average  residence  time,  St,  is  known  for  a given  char 
depth  and  decomposition  product  mass  flux. 

A computer  program  was  written  to  calculate  the  solution  of 
equation  (F-8).  The  final  conversion  was  varied  in  the  solution 
technique  until  the  calculated  value  of  St  corresponded  to  the  known 
average  residence  time.  A tolerance  limit  of  t 0.1%  of  the  known 
value  was  specified . A Simpson's  Rule  integration  was  used  to 
evaluate  the  integral  in  equation  (F-8).  A listing  of  the  Fortran 
IV  program  is  presented  in  Listing  F-l. 

The  results  of  the  computations  using  this  program  are  pre- 
sented in  Tables  F<-1  through  F-4.  This  includes  the  conversion  for 
each  reaction  as  a function  of  temperature  from  500°F  to  3000°F  in 
intervals  of  500° F.  As  seen  there  are  a number  of  reactions  which 
have  a significant  conversion  in  this  temperature  range.  Excluding 
any  other  logical  reasons  which  would  eliminate  a particular  reaction 
from  consideration  in  the  non -equilibrium  flow  analysis,  these 
reactions  must  be  considered  if  a realistic  mathematical  model  is  to 


be  formulated. 
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G.  METHODS  FOR  ESTIMATING  PYROLYSIS  PRODUCT  COMPOSITIONS  (1) 


Three  methods  were  used  to  determine  accurately  the  typical 
pyrolysis  product  composition  entering  the  char  zone.  These  were: 

(1)  Analysis  of  the  gases  evolved  during  the  thermal 
degradation  of  nylon-phenolic  resins  reported  in  the  literature 
(1,  2,  3,  4,  5). 

(2)  Calculation  of  the  heat  of  pyrolysis  using  heats  of 
formation  data  for  the  reactants  and  reported  pyrolysis  products 
followed  by  a comparison  with  experimentally  determined  heats  of 
pyrolysis . 

(3)  Qualitative  inspection  of  the  molecular  structure  of 
the  plastic  materials  to  determine  possible  decomposition  products 
based  on  the  relative  strength  or  weakness  of  bond  energies. 

Each  technique  will  be  discussed  in  the  following  sections. 

Products  of  Ny Ion- Phenolic  Resin  Thermal  Degradation  by 
Pyrolysis  Gas  Chromatography 

The  most  direct  method  of  determining  the  products  of  degrada- 
tion is  analysis  by  pyrolysis  gas  chromatography.  This  has  been 
done  by  Sykes  (2,  7)  in  which  the  hot  degradation  products  were 
injected  directly  into  the  gas  chromatograph.  However  there  is 
a certain  amount  of  condensation  of  heavy  molecular  weight  species 
which  remain  unidentified  and  a possible  source  of  error.  The 
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method  has,  however,  reduced  the  total  amount  of  unidentified  liquid 
phase  species  from  fifty  percent  obtained  with  the  more  conventional 
methods,  to  seventeen  percent  (by  weight).  Also  the  kind  and  con- 
centration of  the  species  are  more  precisely  determined.  These 
analyses  form  the  basis  for  quantitatively  selecting  a pyrolysis 
product  composition.  The  remaining  methods  are  used  to  make  ad- 
justments to  the  analytically  determined  composition,  especially 
with  regard  to  the  species  which  could  logically  make  up  the 
unidentified  portion  of  the  pyrolysis  product  stream. 

A Comparison  of  the  Experimental  and  Calculated  Heat  of  Pvrolvsis 


540 


For  nylon-phenolic  resin  composites,  the  temperature,  Tr,  where 
degradation  starts  is  approximately  250°C  and  the  final  tempera- 
ture attained  by  the  products  leaving,  Tp,  is  1000°C.  Mean  molal 
heat  capacities  evaluated  at  a weighted  average  temperature  of  700°C 
based  on  mass  loss  rates  from  differential  thermal  analyses,  and 
heats  of  formation  at  25°C  are  tabulated  in  Table  G-l.  Values  of 
the  heats  of  pyrolysis  of  nylon,  phenolic  resin  and  their  compo- 
sites were  reported  by  Sykes  (2)  and  Nelson  (3).  Heats  of  forma- 
tion of  the  reactants  are  calculated  from  experimental  heats  of 
combustion  data  presented  in  Table  G-2  and  G-3,  respectively. 

Details  of  the  experimental  procedure  and  apparatus  are  contained  in 
the  original  reference  (1). 

The  combustion  of  nylon  or  phenolic  resin  forming  carbon 
dioxide  and  water  is  represented  by  the  following  expression: 


Nylon  or 
Phenolic  Resin 


+ 


C02  + H20  (G-3) 


The  heat  of  formation  of  nylon  (or  phenolic  resin)  is  then  simply: 


AH 


K+l 

ill  xPi  ^Hfpi 


f Nylon 


(G-4) 
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Table  G-l.  Heats  of  Formation  and  Heat  Capacities  of  Various 

Pyrolysis  Products.  (8) 


Species 

AHf,  BTU/lb 

.JUJU 

CD  BTU/lb-°F 

^mean 

Mw 

Phenol 

-415.3 

* 

0.3 

94.1 

Methyl Phenol 

-511.6 

°-3* 

108.1 

Dime  thy 1 Ph  eno 1 

-570.0 

°-3* 

122.2 

TrimethylPhenol 

-600.0 

0.3 

136.1 

Benzene 

456.3 

0.3* 

78.1 

Toluene 

226.6 

0.3* 

93.1 

Hydrogen 

0.0 

3.5 

2.0 

Methane 

-2013.8 

0.7 

16.0 

Carbon  Monoxide 

-1697.1 

0.25 

28.0 

Carbon  Dioxide 

-3850.2 

0.35 

44.0 

Water 

-5780.0 

0.5 

18.0 

Ammonia 

-1160.5 

0.67 

17.0 

Butylamine 

-384.1 

73.1 

Acetone 

-2214.7 

0.44 

42.1 

Methylamine 

-387.8 

31.1 

Formaldehyde 

-1697.9 

0,41 

30.0 

Ethylene 

804.3 

0.63 

28.0 

Ethane 

-1212.0 

0.6 

30.0 

Acetylene 

3752.3 

0.6 

26.0 

Butane 

-923.2 

0,7 

58.1 

Butene 

9.7 

0.74 

56.1 

Cyclohexane 

-629.1 

0,44 

84.2 

Cyclopentane 

-475.0 

0.47 

70.1 

EthylBenzene 

120.3 

106.2 

Hydrogen  Cyanide 

2080.0 

0.4 

27.0 

Methyl  Cyclohexane 

-676.8 

0.46 

98.2 

Methyl  Cyclopentane  -545.1 

0.5 

84.2 

Pentane 

-871.2 

°<6* 

72.2 

Propane 

-1012.2 

0.6 

44.1 

Xylene 

7 6; '3 

p .3* 

106.2 

Amorphous  Carbon 

390.0 

0.3 

12.0 

Note:  * Estimated  heat  capacity  by  analogy  with  homolog(s) . 

**  Mean  heat  capacity  calculated  over  a temperature  range 
from  250°  - 1000°.C  . 
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Table  G-2 . Heat  of  Formation  of  Nylon-66  from  the  Experi- 
mental Heat  of  Combustion  Data. 

Reaction:  <ci2H22N2°2*n  + °2  = 12n  C°2  + Un  H2°  + 2n  N°2 

Basis : 1 gram  of  nylon  (Molecular  weight  of  monomer  = 226) 

HY.-lgl1  = 0.00442  gm  moles 

226  gr/gr  mole 

gm  moles  CO^  = 0.00442  x 12  = 0.053 

gm  moles  H^O  = 0.00442  x 11  = 0.049 

gm  moles  N0£  - 0.00442  x 2 = 0.009 

^^fCO^  = -94,052  cal/gm  mole  (0.053)  = -5004  cal/gm 

AHfH  q = -57,800  cal/gm  mole  (0.049)  = -2815  cal/gm 

AHjn0  = + 8090  cal/gm  mole  (0.009)  = 72  cal/gm 

EAHfpi_od  = -7747  cal/gm 

AH  = -7214  cal/gm  (Experimental)-  Reference  (1) 

L* 


ah 


fR 


= eah. 


tprod 


- A H, 


= -7747 


- (-7214) 


-533  cal/gm  (-959  BTU/lb) 


Table  G-3 , Heat  of  Formation  of  Phenolic  Resin  from  the 
Experimental  Heat  of  Combustion  Data. 


Reaction: 


7n  C02  + 3n  H20 


Basis:  1 gram  phenolic  resin  (Molecular  weight  of  monomer  = 106) 


1 gram  phenolic  resin 
106  gram/gram  moles 


0.00943  gm  moles 


gm  moles  C02 
gm  moles  H20 


0.00943  x 7 = 0.0660 
0.00943  x 3 = 0.0283 


fC02  = -94,052  cal/gm  mole  (0.0660)  = -6207  cal/gm 
AHfH2Q  = -57,800  cal/gm  mole  (0.0283)  = -1636  cal/gm 


E Ah 


fprod 


= -7843  cal/gm 


= -7386  cal/gm  (Experimental)  - Reference  (1) 


AHfR  = E AH 


fprod 


-7843 


(-7386) 


-457  cal/gm  (-823  BTU/lb) 
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Therefore,  for  a known  composition  of  the  various  species  in  a 
nylon-phenolic  resin  composite,  the  heat  of  formation  of  the 
composite  is: 


M 

AH.p  ..  = X,  AHf . 

i Composite  j=l  rj 


j = nylon,  phenolic 
resin,  etc. 

(G-5) 


Now  all  of  the  pertinent  data  are  available  to  evaluate  the 
heat  of  pyrolysis.  In  doing  so,  a selected  composition  determined 
by  some  analytical  or  numerical  method  is  postulated  to  be  valid. 

If  the  calculated  value  of  the  heat  of  pyrolysis  is  approximately 
equal  (to  1"  107,  of  the  desired  value,  for  example),  the  compo- 
sition is  judged  a representative  composition.  If,  on  the  other 
hand,  a mismatch  is  obtained  for  the  heat  of  pyrolysis  value,  the 
composition  proposed  as  a valid  set  of  values  is  either  in  error 
or  incomplete. 

Correction  of  the  mismatch  is  made  using  any  similar  logic  to 
that  listed  below: 

(1)  Inspect  the  literature  data  over  a wide  range  of 
conditions  by  several  authors,  when  available. 

(2)  Select  those  pyrqlysis  products  which  always  appear 
in  the  analyses. 

(3)  If  various  fractional  analyses  are  presented,  weight 
each  composition  according  to  the  size  of  each  fraction.  For  example 
if  gases  are  collected  for  fractions  corresponding  to  a ten  percent 
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weight  loss  of  initial  virgin  plastic,  twenty  percent  weight  loss 
and  fifty  percent  weight  loss,  each  fractional  composition  should 
be  weighted  according  to  the  size  of  sample  (percent  weight  loss) 
to  calculate  an  average  composition. 

(4)  Superimpose  these  results  and  construct  an  overall 
species  listing. 

(5)  Average  values  of  species  that  appear  within  a 
reasonable  range  of  values. 

(6)  Use  the  species  that  appear  in  only  one  analysis 
to  make  minor  adjustments  to  the  composition  being  corrected, 

(7)  Continue  the  evaluation  until  an  energy- balance - 
calculated  heat  of  pyrolysis  matches  the  literature  value.  Now 
based  on  the  best  possible  literature  composition,  decide  whether 
the  corrections  made  to  obtain  a match  are  logical  and  reasonable. 
If  so,  the  procedure  is  ended;  if  not,  repeat  the  procedure  with 
other  more  reasonable  species. 

When  no  previous  analytical  data  are  readily  available, 
an  analysis  using  the  kinetic  theory  approach  is  suggested  to 
arrive  at  pyrolysis  products  which  are  reasonable.  A great  deal 
of  chemical  engineering  judgement  is  necessary  to  decide  whether 
a set  of  proposed  pyrolysis  gases  are  representative  or  just  an 
arbitrary  combination  of  some  fictitious  system. 

Either  procedure  requires  a detailed  literature  survey  of 
available  analytical  results  and  some  background  regarding  the 
particular  system  under  study.  Used  in  connection  with  analytical 
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data,  it  becomes  a powerful  method  for  establishing  the  correct 
composition  of  the  pyrolysis  products. 

Pyrolysis  Product  Composition  by  Relative  Strength  or  Weakness 
of  Bond  Energies 

The  thermal  degradation  of  char  forming  ablative  materials  is  a 
complex  process.  As  a result,  little  quantitative  data  indicating  the 
decomposition  mechanism  have  been  reported.  The  high  resistivity  of 
the  char  layer  to  aerodynamic  stresses  and  high  temperatures  has  been 
known  for  many  years.  This  ability  is  attributed,  in  part,  to  the 
highly  crosslinked  nature  of  the  aromatic  polymers  such  as  phenolic 
resin.  The  already  strong  C-C  bonds  are  reinforced  by  resonance 
effects  resulting  from  the  crosslinked  structure.  Therefore,  during 
thermal  degradation,  these  C-C  bonds  remain  intact,  and,  the  weaker 
bonds  (C-H,  C-0,  C-N,  etc.)  break  producing  the  pyrolysis  gas  pro- 
ducts. It  is  the  purpose  of  this  section  to  indicate  the  origin  of 
likely  pyrolysis  products  based  on  the  bond  energies  of  the  polymers. 

A qualitative  discussion  for  nylon  and  phenolic  resin  and  composites 
of  these  is  presented  in  the  following  paragraphs. 

Decomposition  of  Phenolic  Resin:  Parker  (6)  indicated  a possible 

mechanism  for  the  thermal  degradation  of  phenolic  novalac  resins. 
Emphasis  was  placed  on  the  final  char  structure,  however,  a great 
deal  of  information  regarding  the  origin  of  some  pyrolysis  products 
was  also  reported.  Representing  the  phenolic  novalac  polymer  as 
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Parker  pointed  out  the  place  where  cleavage  was  most  likely  to  be 
initiated  was  at  the  methylene  bridge  (-CH^-)  linkage.  This  re- 
sulted in  the  formation  of  a variety  of  free  radicals  including 
those  of  phenol,  the  cresols  and  many  shorter  polymeric  units  of 
the  novalac  resin  which  undergo  still  further  degradation.  A 
schematic  diagram  of  the  proposed  mechanism  is  reproduced  in 
Figure  G-l,  In  addition  to  the  above  mentioned  products,  water, 
hydrogen,  carbon  monoxide  and  methane  are  also  shown  to  be  formed. 


Decomposition  of  Nylon-66  (Hexamethylenediamine -Adipic  Acid) : The 

nylon-66  polymer  is  formed  by  the  polymerization  of  one  monomer 
of  adipic  acid  with  one  monomer  of  hexamethylenediamine  in  al- 
ternating steps.  ~ 


N- 
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H 

•(?)6- 
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-N 


? II 

C— (C)4 C 

A H 


(G-7) 


Inspection  of  the  bond  energies  between  atoms  of  the  CHON  system 
listed  in  Table  G-4,  neglecting  considerations  of  resonance  and 
electronegativity  effects  that  exist  in  the  polymer,  indicates 
that  the  most  logical  place  for  cleavage  to  occur  is  at  the  C-N 
bond.  This  essentially  separates  the  polymer  into  shorter  chain 
polymers  and  monomer  units.  From  this  point  cleavage  of  bonds 
within  the  monomer  structure  can  occur  forming  such  species  as 
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Figure  G-l.  Mechanism  of  Phenolic  Novalac  Degradation  to  Char. 
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Table  G-4.  Bond  Energies  Between  Atoms  in  the 
CHON  System  (7). 

1 

Bond 

Bond  Energies,  Kcal/gram 

:H  T H 

104 

H - C 

99 

H - N 

84 

H 0 

110 

C - C 

80 

C - N 

62 

C - 0 

81 

N - N 

32 

0-0 

33 

c = c 

142 

C 3 C 

186 
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NH^,  CO,  CO^,  H^O,  , CH^ , C^H^,  etCl  ^act>  reported  experi- 

mental data  shows  that  only  about  seven  percent  (by  weight)  of 
nylon-66  is  degraded  to  residue  (2,3).  The  remaining  ninety- 
three  percent  forms  gaseous  products.  From  this  analysis,  it 
is  evident  that  the  char  structure  of  a charring  nylon-phenolic 
resin  composite  is  primarily  composed  of  the  phenolic  degrada- 
tion to  carbon,  while  a major  portion  of  the  pyrolysis  gases 
are  formed  from  the  nylon-66. 

Decomposition  of  Nylon-Phenolic  Resin  Composites : Combining  of 

these  two  polymers  with  subsequent  thermal  degradation  would 
necessarily  result  in  all  of  the  above  mentioned  products  with 
relative  quantities  based  on  the  weight  fraction  of  each  poly- 
mer in  the  composite.  A detailed  listing  of  various  pyrolysis 
products  identified  by  gas  chromatographic  and/or  mass  spectro- 
graphic  analyses  is  presented  in  Table  G-5.  Many  of  the  specie? 
may  only  exist  in  small  quantities,  however,  the  large  number 
forms  a very  good  reference  of  typical  products  which  may  be  ' 
formed  when  nylon-phenolic  resins  undergo  thermal  decomposition. 

Comparison  of  the  Methods  with  Various  Analytically  Determined 
Pyrolysis  Product  Compositions  and  Heats  of  Pyrolysis 

To  illustrate  the  use  of  the  above  discussed  methods,  two  works 
reporting  pyrolysis  gas  compositions  and  heats  of  pyrolysis  values 
will  be  compared.  These  are  the  analyses  by  Sykes  and  Nelson  (2,3) 
and  by  Freidman  (5). 


Table  G-5.  Various  Species  Identified  as  Pyrolysis  Gas  Products  by  Gas  Chromatographic 
and/or  Mass  Spectrographic  Analysis  of  Thermally  Degraded  Nylon- 
Phenolic  Resin  Composites. 
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Identification  of  Pyrolysis  Products  from  the  Thermal  Decomposition 
of  Phenolic  Resin  and  Ny Ion- Phenolic  Resin  Composites : Sykes  (2,7) 

reported  typical  pyrolysis  gas  compositions  for  eighty-three  percent 
of  the  total  decomposition  products  evolved  during  the  thermal  de- 
gradation of  nylon-phenolic  resin  composites.  His  techniques  in- 
cluded differential  thermal  analysis,  thermogravimetric  analysis 
and  pyrolysis  gas  chromatography  of  the  hot  gases  evolved  during 
rapid  heating  of  the  composite  materials.  The  remaining  seventeen 
percent  was  reported  as  an  unidentified,  dark  tarry  substance.  The 
compositions  from  this  research  are  presented  in  Tables  G-6  and  G-7. 
Also  shown  are  the  comparisons  of  the  heat  of  pyrolysis  calculations 
with  the  experimental  values  of  Sykes  (2).  A very  good  agreement  is 
obtained  in  Table  G-6  indicating  a high  reliability  in  the  reported 
analysis.  The  unidentified  portion  of  the  pyrolysis  products  was 
taken  as  phenol  for  calculating  the  heat  of  pyrolysis.  In  an  earlier 
work,  the  results  were  somewhat  poorer  as  indicated  by  the  larger 
difference  in  the  calculated  and  experimental  heat  of  pyrolysis 
values.  This  was  probable  caused  by  either  improper  curing  of  the 
specimen  resulting  in  the  higher  water  content  or  an  inaccurate 
analysis  of  the  evolved  pyrolysis  products. 

As  a third  example  the  pyrolysis  products  reported  by  Freidman 
(5)  are  compared  in  Table  G-8.  In  this  case  the  composition  was 
determined  from  near  room  temperature  samples  analysed  by  gas 
chromatography.  The  absence  of  the  higher  molecular  weight  species 
such  as  phenol  and  the  cresols  is  evident.  This  resulted  in  a much 
poorer  comparison  between  the  calculated  and  experimental  heat  of 


Table  G-6.  Comparison  of  the  Experimental  Heat  of  Pyrolysis  with  Calculated  Values 
Based  on  Heats  of  Formation  of  the  Reported  Pyrolysis  Gas  Components  (7). 


Unidentified  materials  considered  phenol  in  calculation  of  AH 


Table  G-7.  Comparison  of  the  Experimental  Heat  of  Pyrolysis  with  Calculated  Values 
Based  on  the  Heats  of  Formation  of  Reported  Pyrolysis  Products  (2). 
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Table  G-8.  Comparison  of  the  Experimental  Heat  of  Pyrolysis  with  Calculated  Values 
Based  on  Heats  of  Formation  of  the  Reported  Pyrolysis  Gas  Components  (5), 
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pyrolysis  as  would  be  expected  if  important  species  were  omitted 
from  the  composition.  The  inclusion  of  phenol  and  similar  high 
molecular  weight  species  which  are  liquids  at  room  temperature 
where  the  particular  samples  were  collected  should  be  included. 

The  quantity  of  each  species  added  to  correct  the  composition  to 
a more  representative  value  can  only  be  determined  by  investigating 
the  literature  for  the  specific  conditions  of  the  experiment  and 
subsequent  analysis.  If  no  such  information  is  available,  com- 
parison with  an  analogous  system  (similar  composite  materials, 
for  example)  is  a logical  approach. 

Conclusion 

As  a result  of  these  methods  applied  to  several  reported 
pyrolysis  gas  compositions  in  the  literature  (1),  it  was  con- 
cluded that  tjie  composition  in  Table  G-9  best  represented  the 
products  evolved  when  nylon-phenolic  resin  thermally  degrades. 

It  is  this  composition  that  is  used  as  the  simulated  pyrolysis 
product  stream  in  this  research. 


Table  G-9.  Most  Representative  Composition  of  the 
Pyrolysis  Products  Evolved  During  the  Thermal 
Degradation  of  Nylon-Phenolic  Resins. 

Pyrolysis  Product  Composition 

Component 

Mole  1 

Weight?. 

Hydrogen 

33.4 

3.6 

*Water 

48.9 

47.8 

Methane 

6.7 

5.8 

*Phenol 

4.7 

24.1 

Carbon  Monoxide 

3.7 

5.7 

*Dimethylphenol 

1.2 

8.7 

Carbon  Dioxide 

1.1 

2.5 

*Toluene 

0.2 

1.2 

*Benzene 

0.1 

0.6 

100.0 

100.0 

* Liquids  at  room  temperature. 
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H.  MIMIC  SOLUTIONS  OF  THE  FROZEN  FLOW,  VARIABLE 
PROPERTIES  ENERGY  EQUATION 


The  purpose  of  obtaining  MIMIC  solutions  to  the  frozen  flow, 
variable  properties  energy  equation  was  to  provide  a method  of 
stepwise  checking  the  fourth  order  Runge-Kutta  analysis  in  the 
TEMPRE  System.  MIMIC  is  an  analog-digital  simulator  program 
which  permits  the  integration  of  functions  with  built-in 
numerical  integration  formulae.  A fourth  order  Runge-Kutta 
technique  is  used  by  MIMIC,  and  is  a direct  method  of  comparing 
solutions  or  portions  of  solutions  in  each  program.  It  essen- 
tially provided  a rapid  means  of  determining  the  capability 
of  the  TEMPRE  System  for  calculating  the  correct  solution  to 
the  differential  energy  equation. 

MIMIC  solutions  were  calculated  for  two  forms  of  the 
frozen  flow  energy  equation.  In  the  first,  the  following 
form  of  the  second  order  differential  equation  was  solved. 


W C € 
P P 


dT 

dz 


d (k 

{ e dz' 


dz 


(H-l) 


A second  solution  to  the  energy  equation  after  differentiating 
the  conductive  heat  transfer  term,  followed  by  rearrangement, 
was  also  calculated. 
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dk 

d2T  = dT  /Wg%  _ dT^~dT~^\ 

,2  dz  \ k dz  k / 
dz  e e 


(H-2) 


This  second  equation  was  identical  to  the  form  used  in  the 

TEMPRE  System.  The  solutions  to  these  two  equations  were  obtained 

dk 

0 

to  determine  whether  the  calculation  of  the  term,  —r— ■ , by 

a i 

interpolation  from  a table  of  k^  versus  T data  was  being  performed 
correctly.  It  also  proved  to  be  a very  fast  and  easy  technique 
for  defining  the  incremental  temperature  necessary  in  the 
interpolation  routine. 

A comparison  of  the  temperature  distributions  for  the 
frozen  flow  of  pyrolysis  products  in  a one-quarter  inch  thick 
char  between  500°F  and  2000°F  is  presented  in  Table  H-l. 

Very  good  agreement  is  obtained  for  a step  size  of  one  hundred 
units  in  the  fourth  order  Runge-Kutta  method  (TEMPRE).  The 
slight  differences  in  the  temperatures  are  attributed  to  round- 
off or  truncation  errors.  Based  on  comparisons  like  these, 
the  numerical  integration  method  in  the  TEMPRE  System  was  proven 
to  give  an  accurate  solution  to  the  energy  equation. 

Copies  of  the  MIMIC  programs  for  solution  of  each  form 
of  the  differential  energy  equation  are  provided  in  Listings  H-l 
and  H-2  with  typical  input  and  output  data. 


Table  H-l.  Comparison  of  the  Runge-Kutta  Solution  for  Frozen  Flow  Variable 
Physical  Properties  with  Two  Solutions  Obtained  Using  MIMIC  (Analog-Digital  Simulator) 


(b)  solution  of  equation  (H-2) 


563 


i— i pm  m 4-  irt  m 
OOOOClU- 
X 

-i  N m >t  ir\  - 

uouuun 

— a»  •»  * — m |X. 

^ h N m ^ in  s 

co  eo  CD  00  (O  eo  » — 

—4 

^ i-i  im  m in  ul  •* 

<<<<<<xcc 

zzzzzzzai 

OOOOODO< 

OOUOOOOO- 


i*'  w tn  m m 

* # # # # 

-4  PM  PO  >}-  iTi 

O Q C O Cl 

U ij  U iJ  u3 

00  <N  PN  (\J  CN  PM 

• J — » — I — l — ►— 

~4  * « * « * 

v.  i-t  (\)  pq  >t  in 

«“•  o o u o o 

O U5  u3  fcJ  cj 

• a a a a.  a.  a 

O f—  L—  H*  L- 

vO  #■«■■»■■&■«•  #■ 

sj-a.fN'-ifNfON-tnsic 

ukHeccncciococo 
< ■#  # tjtjojcjcjcj 
*-a.a'-»rv)(ri>tinv: 


•sr  oc 
us  • 
_* 
D.  •**■ 
O 

■#■  • 

— PO  IT 
oc  u.  tv 

• X « 
-MJO 
■I*  PM  • 

o a rv 

• o in 

INJ  # (N‘ 
IT>  PN  •— 
M li.  v 

— X o 

N.  u3  • 

oo  — i >$- 
>t  cl  in 

• o <t- 
o •«■  * 

PO  — I ^ 

■M-  a.  cl 
*r  5 o 


— i P\J  PO  -4-  iTi  CL 

Q_fNPOCLQ.CLO.CL  LUaCLI—  < 

l-h-l-OOUOO^SiCOCJOH 


OUKCPf  KE  ,TA  ,0TP,T) 
FIN{ T, .0208) 

END 


Listing  H-l.  MIMIC  Program,  (a)  Input  Data 
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